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Preface 


This  report  is  part  of  a  series  prepared  under  the  auspices  of 
Scientific  Committee  46,  Operational  Radiation  Safety.  It  provides 
guidance  on  the  process  of  implementing  the  "as  low  as  reasonably 
achievable"  (ALARA)  principle  for  the  use  of  radiation  by  medical 
and  dental  personnel.  The  use  of  cost-benefit  analysis  is  recom- 
mended as  a  basic  method  upon  which  to  base  ALARA  decisions. 
Examples  are  provided  to  illustrate  the  ALARA  principle  as  a  process 
of  optimization  and  to  provide  a  starting  point  for  the  development 
of  individualized  ALARA  programs.  NCRP  Report  No.  91,  Recom- 
mendations on  Limits  for  Exposure  to  Ionizing  Radiation,  calls  for 
the  use  of  reference  ranges  for  occupational  exposures.  This  report 
recommends  the  use  of  2  reference  ranges,  one  based  on  individual 
dose  equivalents,  and  the  other  based  on  collective  dose  equivalent. 

Four  reports  have  already  been  published  as  part  of  this  series: 
NCRP  Report  No.  59,  Operational  Radiation  Safety  Programs,  NCRP 
Report  No.  71,  Operational  Radiation  Safety— Training,  NCRP 
Report  No.  88,  Radiation  Alarms  and  Access  Control  Systems,  and 
NCRP  Report  No.  105,  Radiation  Protection  for  Medical  and  Allied 
Health  Personnel.  Under  preparation  at  this  time  are  reports  treating 
radiation  safety  in  the  mineral  extraction  industry,  survey  instru- 
ment calibration,  radiation  protection  records  and  emergency  plan- 
ning. 

In  accordance  with  the  recommendations  of  NCRP  Report  No.  82, 
SI  Units  in  Radiation  Protection  and  Measurements,  as  of  January, 
1990,  only  SI  units  are  used  in  the  text.  Readers  needing  factors  for 
conversion  of  SI  to  conventional  units  are  encouraged  to  consult 
Report  No.  82. 

This  report  was  prepared  by  Scientific  Committee  46-3.  Serving 
on  Scientific  Committee  46-3  for  the  preparation  of  this  report  were: 

Marc  Edwards,  Chairman 
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Kansas  City,  Missouri 
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1.  Introduction 


1.1  Prologue 

The  goal  of  radiation  protection  is  to  limit  the  probability  of  radia- 
tion induced  diseases  in  persons  exposed  to  radiation  (somatic  effects) 
and  in  their  progeny  (genetic  effects)  to  a  degree  that  is  reasonable 
and  acceptable  in  relation  to  the  benefits  from  the  activities  that 
involve  such  exposure. 

Modern  radiation  protection  practice  requires  that  exposures  be 
kept  to  levels  which  are  as  low  as  reasonably  achievable  (ALAR A), 
economic  and  social  factors  being  taken  into  account.  The  implemen- 
tation of  an  operational  radiation  safety  program  depends  not  only 
upon  codified  recommendations  and  regulations  but  also  upon  the 
judgements  and  perceptions  of  qualified  radiation  safety  personnel. 
This  reliance  on  qualitative  insight  is,  at  present,  the  preferred 
method  for  providing  a  level  of  radiation  exposure  that  is  as  low  as 
reasonably  achievable  (ALARA)  while  dealing  with  uncertainties  in 
the  precise  nature  of  low  level  radiation  risks  and  in  the  protective 
measures  best  suited  to  a  particular  situation.  From  its  beginnings, 
the  radiation  safety  community  has  recognized  the  desirability  of 
providing  protective  measures  that  not  only  meet  certain  exposure 
limits,  but  also  provide  greater  protection  so  far  as  is  "practicable" 
or  "reasonably  achievable."  The  decision  as  to  what  is  reasonable 
has  been  left  to  the  judgement  and  insight  of  qualified  personnel. 

The  decision  making  process  should  consider  both  tangible  data, 
such  as  shielding  effectiveness  and  cost,  and  less  tangible  concerns 
such  as  impact  on  the  quality  of  services  performed  by  occupationally 
exposed  personnel. 

No  set  of  rules  can  be  sufficiently  complete  to  dictate  the  correct 
response  to  every  radiation  safety  circumstance.  This  limitation  is 
particularly  evident  for  occupational  exposure  in  medicine  and  den- 
tistry, where  widely  disparate  working  environments,  levels  of  per- 
sonnel training  and  institutional  resources  are  involved.  Neverthe- 
less, it  is  important  to  reaffirm  the  desirability  of  providing  optimal 
radiation  protection,  including  effective  implementation  of  the 
ALARA  principle,  and  to  recognize  that  while  the  endpoints  of  opti- 
mal radiation  protection  cannot  be  described,  it  is  possible  to  offer 
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considerable  guidance  on  the  process  of  providing  optimal  radiation 
protection.  This  report  offers  such  guidance  in  connection  with  occu- 
pational exposure  of  medical  and  dental  personnel,  primarily 
through  the  discussion  of  examples  intended  to  illustrate  the  imple- 
mentation process  and  to  provide  a  starting  point  for  individualized 
ALARA  programs.  It  is  left  to  each  institution  to  adapt  this  guidance 
to  its  own  particular  circumstances. 


1.2   An  Overview  of  ALARA  in  Radiation  Protection 

For  over  thirty  years,  national  and  international  radiation  protec- 
tion organizations  have  recommended  that,  in  addition  to  adherence 
to  specified  limits,  the  concept  of  "as  low  as  practicable"  (ALAP)  and 
"as  low  as  reasonably  achievable"  (ALARA)  should  be  applied.  While 
the  concept  of  ALARA  began  as  a  cautious  approach  for  dealing  with 
uncertain  hazards,  it  was  later  recognized  that  a  recommendation 
for  some  form  of  ALARA  was  a  necessary  consequence  of  the  adoption 
of  a  non-threshold,  dose-response  relationship  for  the  purposes  of 
radiation  protection.  All  non-threshold  models  dictate  that  dose 
reduction  always  results  in  a  lower  probability  of  harm.  These  models 
imply  that  doses  should  be  "as  low  as  achievable".  It  is  also  recog- 
nized, however,  that  the  use  of  radiation  can  yield  direct  and  indirect 
benefits  to  both  individuals  and  populations.  Furthermore,  not  all 
dose  reductions  can  be  achieved  with  equal  ease  or  resource  expendi- 
ture. The  semantic  solution  to  this  problem  is  to  qualify  the  recom- 
mendation such  that  doses  need  only  be  kept  to  levels  which  are  as 
low  as  "reasonably"  achievable,  or  as  low  as  "optimal",  in  recognition 
that  further  reduction  below  some  level  cannot  be  rationally  sup- 
ported, because  the  intended  benefit  would  not  be  obtained,  or 
because  the  cost  would  be  unreasonable. 

Difficulties  arise  in  attempting  to  define  precisely  what  is  meant  by 
"low",  "reasonably  achievable"  and  "optimal".  To  facilitate  practical 
implementation,  it  is  necessary  to  discuss  the  intentions  and  mean- 
ing of  the  ALARA  recommendation.  It  is  also  necessary  to  avoid 
inflexible  and  imperative  definitions.  Without  flexibility,  an  ALARA 
recommendation  is  subtly  transformed  into  a  specific  limitation 
which,  although  possibly  easier  to  regulate,  may  ultimately  defeat 
the  underlying  intent  of  the  recommendation.  The  concept  of  flexi- 
bility suggests  that  local  radiation  protection  capabilities  and  prac- 
tices may  sometimes  differ  significantly  from  the  ideal  and  that  no 
one  solution  is  universally  optimal.  To  attempt  to  impose  a  single 
endpoint  of  ALARA  could  result  in  higher  exposures  at  institutions 
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that  already  do  better  than  this  "optimum"  and  higher  costs  at 
institutions  which  do  not.  In  some  circumstances,  both  precision  and 
flexibility  can  be  maintained  by  formulating  ALARA  in  terms  of 
monetary  cost-benefit  optimization.  In  other  circumstances,  particu- 
larly those  not  easily  cast  in  mathematical  terms,  the  judgement  and 
experience  of  the  radiation  protection  professional  provides  the  best 
mechanism  to  ensure  that  the  recommendation  is  met.  Advisory 
information  on  the  implementation  of  ALARA  must  recognize  and 
address  both  means. 


1.3   The  Need  for  ALARA  in  Medicine  and  Dentistry 


Persons  employed  or  directly  involved  with  the  use  of  ionizing 
radiation  in  medicine  and  dentistry  in  the  United  States  are  the 
largest  group  of  occupationally  exposed  individuals  and  receive  the 
second  largest  fraction  of  occupational  collective  dose  (see  Section  3 
for  a  complete  discussion).  Medical  and  dental  radiation  workers  are 
distributed  over  thousands  of  institutions  and  practices,  such  that 
any  particular  workplace  will  have  comparatively  few  individuals. 
For  the  same  reason,  much  of  the  routine  radiation  protection  service 
for  these  workers  is  the  responsibility  of  persons  other  than  full  time 
professionals  in  radiation  protection.  At  any  particular  site,  a  small 
number  of  monitored  workers,  which  provides  a  weak  statistical 
basis  for  optimization  determination  (see  Section  4.2.2),  and  the 
lack  of  resources  available  for  radiation  protection  can  hinder  the 
identification  of  occupational  exposure  practices  that  require 
improvement. 

Because  of  the  large  number  of  exposed  individuals,  it  might  logi- 
cally be  assumed  that  the  need  for  improved  ALARA  practices  is 
greatest  in  medicine  and  dentistry.  Little  empirical  evidence  is  avail- 
able to  support  this  assumption,  in  part  because  of  difficulties  in 
quantifying  achievement  of  ALARA  and  in  part  because  of  difficult- 
ies in  performing  properly  controlled  comparisons.  As  reviewed  in 
Section  3.3,  anecdotal  information  indicates  that  individual  and  col- 
lective dose  reductions  are  possible.  It  should  be  emphasized,  how- 
ever, that  ALARA  does  not  necessarily  require  dose  reductions  per 
se.  On  the  other  hand,  dose  reduction  that  can  be  achieved  with  little 
or  no  decrease  in  benefit  or  increase  in  cost  suggests  the  need  for 
improved  ALARA  practices. 
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1.4   Scope  of  the  Report 

This  report  addresses  the  implementation  of  ALARA  for  occupa- 
tional exposure  of  persons  working  in  medicine  and  dentistry.  All 
applications  of  ionizing  radiation  utilized  in  the  normal  course  of 
delivering  medical  and  dental  health  care  are  included.  Experimen- 
tal and  research  applications  of  ionizing  radiation  are  not  included. 
Optimization  of  exposure  to  patients  undergoing  medical  and  dental 
procedures  is  not  addressed  in  this  Report.  However,  there  is  often 
a  direct  relationship  between  the  reduction  of  exposure  to  patients 
and  reduction  of  the  exposures  of  workers.  Although  reductions  in 
medical  exposures  consistent  with  good  medical  practice  are  a  laud- 
able objective,  they  deserve  consideration  in  their  own  right  and 
have  been  the  subject  of  numerous  publications  (ICRP,  1982;  1985; 
1987).  This  report  is  based  on  the  premise  that  principles  and  prac- 
tices of  ALARA  may  be  discussed  without  restating  current  stan- 
dards for  an  operational  medical  radiation  safety  program.  The  pur- 
pose of  the  report  is  to  address  the  implementation  of  the  principles  of 
ALARA  within  the  context  of  a  pre-existing  and  properly  functioning 
program,  not  to  address  the  design  of  an  overall  radiation  safety 
program.  Refer  to  NCRP  Report  No.  59,  Operational  Radiation  Safety 
Program  (NCRP,  1978)  for  recommendations  on  the  design  of  such 
a  program. 

This  report  is  intended  for  those  responsible  for  radiation  protec- 
tion in  any  clinical  setting.  This  presents  an  additional  level  of 
difficulty,  since  the  educational  background  and  experience  of  such 
individuals  are  so  varied.  In  a  large  hospital,  radiation  protection 
may  be  the  responsibility  of  a  highly  qualified  health  physicist  or 
medical  physicist.  Conversely,  in  a  private  practice,  it  may  be 
directed  by  an  individual  without  such  training  and  experience:  a 
physician  (not  necessarily  a  radiologist),  dentist,  technologist,  or 
administrator.  Nevertheless,  the  aim  here  is  to  provide  information 
and  recommendations  that  will  be  helpful  in  assuring  that  occupa- 
tional exposures  are  kept  to  levels  which  are  as  low  as  reasonably 
achievable. 


2.   Concepts,  Units  and 
Quantities 


2.1   Definitions  of  Units  and  Quantities 

It  is  important  to  define  the  various  units  and  quantities  that  will 
be  used  throughout  this  report.  Among  these  are  those  used  for  the 
specification  of  a  radiation  field  (exposure),  energy  absorbed  in  a 
material  (absorbed  dose),  irradiation  of  an  individual  (effective  dose 
equivalent),  and  radioactivity  of  materials  (activity).  In  the  interna- 
tional system  (SI)  of  units,  there  is  no  special  unit  of  exposure.  Hence, 
in  SI  units,  exposure  is  quantified  in  coulombs  per  kilogram;  1  R  = 
2.58  x  10-4  C/kg;  1  C/kg  =  3876  R.  Because  of  the  awkward  conver- 
sion factor,  it  is  often  convenient  to  use  the  concept  of  air  kerma. 
Kerma  is  the  kinetic  energy  released  in  a  medium,  and  has  dimen- 
sions of  energy  per  unit  mass  (ICRU,  1980).  The  special  SI  unit  of 
kerma  is  the  gray  (Gy),  where  1  Gy  =  1  joule  per  kilogram.  An  air 
kerma  of  1  Gy  represents  a  transfer  of  1  joule  of  energy  from  the  x- 
ray  beam  to  air  per  kg  of  air.  An  exposure  of  1  R  corresponds  to  an 
air  kerma  of  8.73  mGy  (ICRU,  1980).  Unless  specified  otherwise,  the 
term  kerma  in  this  report  is  taken  to  mean  the  air  kerma  in  air. 

The  SI  unit  of  absorbed  dose  (D)  is  the  gray  (Gy);  1  Gy  (1  joule  of 
energy  absorbed  in  each  kilogram  of  absorbing  material)  is  equiva- 
lent to  100  rad,  and  1  rad  equals  10  mGy.  This  unit  is  not  restricted 
to  air  and  can  be  measured  in  other  absorbing  media  (NCRP,  1985). 

Dose  equivalent  (H)  is  a  quantity  used  for  radiation  protection 
purposes.  It  takes  into  account  both  the  absorbed  dose  (D)  and  the 
quality  factor,  Q,  for  the  radiation  in  question.  The  special  name  of 
the  SI  unit  of  dose  equivalent  is  sievert  (Sv)  (1  sievert  =  100  rem). 
For  x  rays  the  dose  equivalent  is  numerically  equal  to  the  absorbed 
dose. 

The  SI  special  name  for  the  unit  of  activity  is  becquerel  (Bq),  1  Bq 
=  Is1.  It  represents  1  disintegration  per  second.  Since  the  tradi- 
tional unit,  curie  (Ci),  which  it  replaces  is  3.7  x  1010  s1, 1  Ci  =  3.7 
x  1010Bq. 

A  review  of  traditional  units  and  SI  units  and  their  relationships 
to  each  other  is  presented  in  NCRP  Report  No.  82  (NCRP,  1985). 
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Absorbed  dose  is  usually  taken  to  be  the  mean  absorbed  dose  in 
an  organ  or  tissue.  This  represents  an  oversimplification  of  the  actual 
situation.  When  an  organ  or  individual  is  irradiated,  the  dose  is  not 
uniform  but  is  rather  inhomogeneous.  The  use  of  mean  absorbed 
dose  is  acceptable  based  on  the  assumption  that  the  detriment  will 
be  the  same  whether  the  irradiation  is  uniform  or  nonuniform.  The 
use  of  the  mean  dose  has  practical  advantages  in  that  the  significant 
volume  can  usually  be  taken  as  that  of  the  organ  or  tissue  under 
consideration  (ICRP,  1977). 

For  low  doses  of  radiation  delivered  to  a  population,  the  term 
collective  dose  equivalent  (S)  is  used.  In  a  given  population,  this  is 
defined  as  S  =  HxPi.  In  this  equation,  Hx  is  the  dose  equivalent  in 
the  whole  body  or  any  specified  organ,  and  Px  represents  the  number 
of  members  in  the  exposed  group. 

In  an  attempt  to  compare  detriment  from  irradiation  of  a  limited 
portion  of  the  body  with  the  detriment  from  irradiation  of  the  total 
body,  the  International  Commission  on  Radiological  Protection 
(ICRP,  1977)  has  derived  the  concept  of  effective  dose  equivalent 
(HE),  which  utilizes  weighting  factors  (wT)  for  the  relative  risks 
associated  with  irradiation  of  various  tissues.  The  effective  dose 
equivalent  (HE)  is  calculated  by  adding  the  products  of  the  dose 
equivalent  and  weighting  factors  for  each  organ.  The  weighting 
factors  recommended  for  use  in  calculating  effective  dose  equivalent 
and  the  risk  coefficients  from  which  they  were  derived  are  shown  in 
Table  2.1.  As  defined  by  the  ICRP,  the  weighting  factors  are  nominal 
values  for  an  average  adult. 


2.2   Occupational  Exposure  and  Personnel  Dosimetry 

In  the  subsequent  chapters  of  this  report,  occupational  dose  equiva- 
lents and  collective  dose  equivalents  resulting  from  a  variety  of 
situations  in  the  medical  workplace  are  reviewed.  The  majority  of 
occupational  dose  equivalent  data  available  in  the  literature,  and 
reviewed  by  the  NCRP  (NCRP,  1989a),  is  based  upon  personnel 
monitoring  using  individual  monitoring  devices,  such  as  film  or  ther- 
moluminescent dosimeters. 

There  are  limitations  on  the  use  of  personnel  dosimetry  data  for 
the  accurate  determinations  of  effective  dose  equivalent  to  individual 
radiation  workers.  These  limitations  are  based  on  three  factors,  the 
importance  of  which  depend  upon  the  type  of  radiation  field  being 
measured: 

1.  orientations  of  the  dosimeter  and  employee  with  respect  to  the 
radiation  field, 


2.2   OCCUPATIONAL  EXPOSURE  AND  PERSONNEL  DOSIMETRY      /  7 

Table  2.1 — Recommended  values  of  the  weighting  factors,  wT,  for  calculating 
effective  dose  equivalent  and  the  risk  coefficients  from  which  they  were  derived.0 


Tissue  (T) 

Risk  coefficient 

wT 

|Zy\ti  one 

*±\j  a  j.u  ov 

Breast 

25  x  10"4  Sv1 

0.15 

Red  bone  marrow 

20  x  10"4  Sv1 

0.12 

Lung 

20  x  10-4  Sv"1 

0.12 

Thyroid 

5  x  10"4  Sv"1 

0.03 

Bone  surfaces 

5  x  10  4  Sv-1 

0.03 

Remainder15 

50  x  10~4  Sv"1 

0.30 

Totalc 

165  x  10"4  Sv1 

1.00 

aFrom  NCRP  Report  No.  91  (NCRP,  1987a). 

bA  wT  of  0.06  is  to  be  assigned  to  each  of  the  five  remainder  tissues  receiving  the 
highest  dose  equivalents  and  the  other  remainder  tissues  are  to  be  neglected.  (When 
the  gastrointestinal  tract  is  irradiated,  the  stomach,  small  intestine,  upper  large 
intestine  and  lower  large  intestine  are  to  be  treated  as  four  separate  organs  and  each 
may  therefore  be  included  in  the  five  remainder  tissues  depending  on  the  magnitude 
of  the  dose  equivalent  they  receive  when  compared  to  the  dose  equivalent  received  by 
other  remainder  tissues  and  organs.) 

cThe  total  for  somatic  risk  alone  is  125  x  10-4  Sv-1  which  for  radiation  protection 
purposes  is  often  rounded  to  a  nominal  value  ofl  x  10~2  Sv-1.  Genetic  risk  is  40  x 
10" 4  Sv-1.  For  assessment  of  detriment  resulting  from  exposure  of  skin,  a  risk  factor 
of  10  ~4  Sv-1  and  therefore  a  weighting  factor  of  0.01  is  to  be  applied  to  the  mean  dose 
equivalent  over  the  entire  skin  surface. 

2.  accuracy  of  exposure  evaluation  of  the  dosimeter  under  both 
carefully  controlled  laboratory  conditions  and  variable  field 
conditions,  and 

3.  relationship  of  dosimeter  measurements  to  effective  dose  equiv- 
alent. 

Personnel  dosimeters  are  designed  and  used  primarily  to  assure 
that  adequate  protection  is  provided  to  the  wearer  and  to  comply 
with  regulations.  Although  dosimeters,  in  varying  degrees  of  sophis- 
tication, measure  doses  which  can  be  converted  to  dose  at  various 
depths  in  tissue,  they  are  not  intended  to  provide  an  exclusive  mea- 
sure of  organ  dose  or  an  accurate  measurement  of  the  effective  dose 
equivalent.  Additional  data  concerning  the  source  and  exposure  con- 
ditions are  usually  required  to  permit  the  calculation  of  the  effective 
dose  equivalent. 

The  International  Commission  on  Radiation  Units  and  Measure- 
ments (ICRU)  carefully  defines  effective  dose  equivalent  and  the 
relationship  of  this  quantity  to  the  quantities  measured  by  personnel 
dosimeters  worn  on  the  surface  of  the  body  (ICRU,  1985).  Ideally, 
personnel  dosimetry  data  should  include  information  sufficient  to 
enable  reasonable  estimation  (within  30%)  of  the  average  and  collec- 
tive dose  equivalents;  however,  published  exposure  data  rarely  are 
sufficiently  detailed  to  enable  this  to  be  done.  The  reason  for  this 


8      /      2.   CONCEPTS,  UNITS  AND  QUANTITIES 

need  will  become  clear  later  in  this  report  when  consideration  is 
given  to  methods  for  implementation  of  ALAR  A  (See  Section  5). 
Usually,  the  reported  dose  equivalents  are  the  result  of  conversion 
of  a  dosimeter  reading  to  a  surface  dose  equivalent  at  the  point 
of  measurement  with  simple  multiplication  by  a  quantity  and/or 
calibration  factor  to  obtain  a  dose  equivalent  which  is  assigned  to 
the  worker  and  entered  in  the  personnel  monitoring  record. 

It  is  important  to  examine  the  relationship  of  medical  personnel 
exposure,  as  recorded  by  individual  monitoring  devices,  to  effective 
dose  equivalent.  Exposure  to  isotropic,  high  energy  photons  under 
conditions  that  irradiate  the  entire  body  (i.e.,  if  no  partial  body 
shielding  devices  such  as  lead  aprons  are  used)  facilitates  a  straight- 
forward conversion  of  monitor  data  to  effective  dose  equivalent 
(ICRU,  1988).  As  will  be  discussed  in  Sections  7  and  8,  personnel 
employed  in  nuclear  medicine  and  radiation  therapy  are  more  likely 
to  be  exposed  to  sources  that  most  nearly  meet  these  conditions. 

Exposure  conditions  in  diagnostic  radiology,  particularly  those 
associated  with  fluoroscopy  and  special  examinations,  are  more  prob- 
lematic. In  these  cases,  the  radiation  field  is  non-uniform,  low  energy 
(compared  to  sources  typically  encountered  in  radiation  therapy  and 
nuclear  medicine)  and  personnel  always  use  partial  body  shielding 
(lead  aprons  and  sometimes  thyroid  and  eye  shields).  The  radiation 
field  is  often  monitored  by  a  single  dosimeter,  worn  at  the  collar 
level  outside  of  protective  apparel  (Bushong,  1989;  Meinhold,  1989). 
Uncorrected  readings  from  such  monitors  are  not  representative  of 
whole  body  exposure  and  may  not  be  representative  of  an  organ-dose 
such  as  that  resulting  from  an  eye  exposure.  Nevertheless,  such 
placement  is  more  likely  to  measure  the  work  environment  than  are 
other  positions.  A  monitor  placed  under  the  protective  apron  may 
provide  little  information  about  the  work  environment.  Several 
authors  have  investigated  the  relation  of  monitor  readings  to  effec- 
tive dose  equivalent  (Wohni  and  Stranden,  1979;  McGuire  et  al.y 
1983;  Faulkner  and  Harrison,  1988;  Webster,  1989).  Depending  on 
x-ray  energy  and  lead  apron  thickness,  a  collar  monitor  may  overesti- 
mate effective  dose  equivalent  by  factors  ranging  from  8  to  22  while 
an  under  the  apron  monitor  may  underestimate  effective  dose  equiv- 
alent by  factors  ranging  from  3  to  60  (Faulkner  and  Harrison,  1988). 

From  the  above  discussion  it  is  apparent  that,  for  certain  categories 
of  medical  workers,  effective  dose  equivalent  can  be  significantly 
different  from  figures  recorded  by  individual  radiation  monitors. 
Nevertheless,  in  previous  reports  on  occupational  exposure  pub- 
lished by  the  Environmental  Protection  Agency  (EPA,  1984)  and 
the  NCRP  (NCRP,  1989a),  monitoring  results  were  assumed  to  be 
representative  of  effective  dose  equivalent.  The  rationale  underlying 
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this  assumption  is  that  it  is  impossible  to  tell  from  statistical  summa- 
ries how  the  monitor  was  worn,  what  protective  apparel  was  worn, 
and  how  much  protection  the  apparel  may  have  provided.  Hence  it 
is  impossible  to  correct  the  data.  Also,  for  large  populations,  some 
errors  may  tend  to  cancel  if,  for  instance,  some  institutions  position 
monitors  outside  of  aprons  while  others  position  monitors  beneath 
aprons.  Unless  otherwise  noted,  this  report  also  assumes  that  person- 
nel exposure  for  low -LET  radiation  reported  in  units  of  dose  equiva- 
lent, dose  or  exposure  is  representative  of  effective  dose  equivalent. 

The  NCRP  continues  to  study  the  problem  of  finding  a  practical 
method  for  the  use  of  effective  dose  equivalent  in  routine  personnel 
monitoring. 


3.   Characteristics  of 

Occupational  Exposure  in 
Medicine  and  Dentistry 


In  considering  a  program  for  implementing  ALARA,  it  is  helpful 
to  examine  current  data  concerning  the  circumstances  and  charac- 
teristics of  medical  occupational  exposure.  This  information  is  useful 
in  its  own  right  because  it  permits  institutions  to  compare  individual 
situations  with  national  norms.  More  importantly,  the  data  can  be 
used  to  identify  features  of  ALARA  programs  that  are  applicable  to 
the  medical  environment. 


3.1    Sites  of  Exposure,  Number  of  Sources  and 
Volume  of  Procedures 


Medical  occupational  exposure  occurs  in  both  hospital  and  private 
practice  settings.  The  American  Hospital  Association  identified 
5,400  short-term,  general,  non-federal  hospitals,  and  analyzed  radia- 
tion-utilizing services  as  a  function  of  bed  size  (AHA,  1984). 
Although  not  specifically  stated  in  the  survey,  it  is  presumed  that 
all  of  the  hospitals  had  diagnostic  x-ray  facilities  and  consequently 
are  sites  of  medical  occupational  exposure.  Approximately  44  percent 
of  hospitals  had  fewer  than  100  bed  capacity  while  only  6  percent 
had  greater  than  500  bed  capacity.  Sixty-seven  percent  of  all  hospi- 
tals used  diagnostic  radionuclides.  The  more  expensive  sources  of 
radiation,  such  as  computed  tomography  and  cardiac  catheterization 
facilities  are  concentrated  in  the  larger  hospitals.  Data  concerning 
diagnostic  imaging  in  a  private  practice  setting  are  less  accessible 
and  more  uncertain.  Cook  and  Nelson  (EPA,  1980)  estimated  that 
in  1975  there  were  approximately  49,000  private  practice  outpatient 
facilities  utilizing  diagnostic  x  rays.  The  total  number  of  diagnostic 
x-ray  machines  in  both  hospital  and  private  practice  settings  for  the 
year  1981  was  estimated  to  be  127,000  (NCRP,  1989b).  Dental  offices 
are  also  sites  of  occupational  exposure.  In  1980,  there  were  approxi- 
mately 121,000  dentists  in  the  United  States,  of  whom  90  percent 
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were  private  practitioners.  The  number  of  dental  x-ray  machines  in 
use  in  1981  was  estimated  to  be  204,000  (NCRP,  1989b). 

The  magnitude  of  occupational  exposure  depends  not  only  upon 
the  number  of  radiation  sources  but  also  upon  their  degree  of  utiliza- 
tion. The  NCRP  has  extensively  reviewed  the  utilization  of  medical 
diagnostic  x  rays,  dental  diagnostic  x  rays  and  medical  radionuclides, 
hence  only  a  brief  overview  is  required  here  (NCRP,  1989b).  The 
total  number  of  medical  diagnostic  x-ray  examinations  in  1980  was 
estimated  to  be  180  million,  divided  as  follows:  hospitals,  141  million 
(78  percent);  radiologists'  offices,  16  million  (9  percent);  other  physi- 
cians offices,  7  million  (4  percent);  podiatrists,  6  million  (3  percent); 
and  chiropractors,  10  million  (5.5  percent).  The  number  of  dental  x- 
ray  procedures  in  1980  was  estimated  to  be  101  million.  The  number 
of  diagnostic  radionuclide  in-vivo  examinations  in  1982  was  esti- 
mated to  be  7.7  million  (NCRP,  1989b). 

Radiation  therapy  sites  and  number  of  procedures  must  be  consid- 
ered separately.  The  Patterns  of  Care  Study  identified  1,083  mega- 
voltage  radiation  facilities  in  the  United  States  in  1980,  with  approx- 
imately 378,000  new  patients  receiving  approximately  7.6  million 
treatments  (Kramer  et  al.y  1983).  Approximately  80  percent  of  the 
facilities  were  based  in  non-federal  hospitals,  4  percent  were  based 
in  federal  hospitals,  15  percent  were  freestanding,  and  the  remainder 
were  in  unspecified  locations.  A  total  of  1,621  megavoltage  treatment 
units,  including  those  both  hospital  and  non-hospital  based,  were 
categorized  as  follows:  820  cobalt-60  units,  762  accelerators  and  39 
betatrons.  Neither  the  number  of  superficial  and  orthovoltage  x-ray 
units  nor  the  number  of  brachytherapy  sources  was  reported. 


3.2   Patterns  of  Occupational  Exposure 

Occupational  exposure  in  the  United  States  has  been  reviewed  in 
NCRP  Report  No.  101  Exposure  of  the  U.S.  Population  from  Occupa- 
tional Radiation  (NCRP,  1989a).  The  Environmental  Protection 
Agency  has  also  published  two  reports  (EPA,  1980,  1984)  that  sum- 
marized occupational  exposure  data.  Much  of  the  1984  EPA  report, 
particularly  the  data  on  medical  occupational  exposure,  was  incorpo- 
rated into  Report  No.  101  (NCRP,  1989a).  Because  detailed  data  are 
available  in  these  references,  only  a  brief  overview  of  the  portions 
relevant  to  medical  occupational  exposure  is  needed  here. 

In  1980  there  were  approximately  584,000  "medical"  workers.  In 
this  case,  the  term  "medical"  workers  encompasses  hospital,  private 
practice,  dental,  podiatry,  chiropractic  and  veterinary  workers.  Of 
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these  584,000  workers,  all  of  whom  were  potentially  exposed  to  radia- 
tion, approximately  277,000  received  a  yearly  exposure  exceeding 
the  minimum  detectable  limit  (MDL).  Those  workers  receiving 
greater  than  the  MDL  are  denoted  as  "measurably  exposed".  The 
mean  annual  whole  body  dose  equivalent  of  all  medical  workers  was 
0.70  mSv/y  while  for  measurably  exposed  medical  workers  it  was  1.5 
mSv/y.  The  annual  collective  dose  equivalent  was  410  person-Sv.  The 
NCRP  has  reviewed  the  problems  inherent  in  calculating  effective 
whole  body  dose  equivalent  from  monitoring  data.  However,  no 
attempt  has  been  made  to  correct  these  figures  for  partial  body 
exposure  or  the  use  of  shielding  devices  such  as  lead  aprons  (NCRP, 
1989a). 

Trends  for  mean  annual  dose  equivalent  and  collective  dose  equiv- 
alent for  all  categories  of  workers  over  the  time  period  1960  to  1980 
have  been  reviewed  (NCRP,  1989a).  The  data  reveal  that,  while 
collective  dose  equivalent  has  increased  with  time,  the  mean  annual 
dose  equivalent  has  decreased.  Until  1980,  the  exposure  of  medical 
workers  yielded  the  largest  fraction  of  collective  dose.  In  1980, 
nuclear  fuel  cycle  workers  exceeded  medical  workers  in  collective 
dose  equivalent  for  the  first  time;  this  group  is  expected  to  be  the 
largest  occupational  contributor  to  collective  dose  equivalent  in  the 
future.  The  medical  occupational  subgroup  has  shown  a  decrease  of 
approximately  50  person-Sv  every  five  years  since  1960,  despite  an 
increase  in  the  number  of  potentially  exposed  medical  personnel  by 
approximately  18  percent  every  five  years.  This  decrease  in  occupa- 
tional collective  dose  equivalent  from  medical  sources  is  due  to  a 
reduction  in  the  mean  annual  dose  to  medical  workers  by  approxi- 
mately 20  percent  every  five  years. 

A  more  detailed  exposition  of  the  number  of  medical  workers  and 
their  collective  dose  equivalent  contributions  by  specialty  group  for 
1980  is  shown  in  Table  3.1  (EPA,  1984).  The  contributions  from 
podiatry,  chiropractic  and  veterinary  practices  account  for  less  than 
five  percent  of  the  medical  collective  dose  equivalent.  Hospital,  pri- 
vate practice  and  dental  workers  constitute  the  greatest  number  of 
occupationally  exposed  workers;  primarily  because  of  their  large 
numbers,  these  groups  contribute  the  largest  fraction  of  (medical) 
collective  dose  equivalent.  Dental  workers,  whose  numbers  are 
nearly  as  great  as  that  of  hospital  and  private  practice  combined, 
received  a  much  smaller  annual  per  caput  dose  equivalent  and  hence 
account  for  only  14  percent  of  the  medical  collective  dose  equivalent. 

An  additional  important  descriptor  of  occupational  exposure  is  the 
frequency  distribution  of  dose  equivalent.  Data  for  the  total  medical 
workforce,  including  all  potentially  exposed  workers  both  monitored 
and  unmonitored,  are  shown  in  Table  3.2  (EPA,  1984).  These  data, 
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Table  3.2 — Dose  equivalent  and  collective  dose  frequency  distribution  by  dose 
 range  for  the  1980  medical  radiation  workforce.0  


Dose  equivalent 

Number 

Percent 

Collective 

Percent  of 

range 

of 

of 

dose 

collective 

(iriov/y) 

workers 

workers 

(person-Sv) 

dose 

0-MD 

306506 

52.5 

8.50 

2.1 

MD-1 

205969 

35.3 

68.43 

16.8 

1-2.5 

36078 

6.2 

61.21 

15.0 

2.5-5.0 

18284 

3.1 

59.52 

14.6 

5-10 

10324 

1.8 

66.55 

16.4 

10-20 

4629 

0.79 

65.62 

16.1 

20-30 

1321 

0.23 

32.73 

8.0 

30-40 

467 

0.08 

18.36 

4.5 

40-50 

217 

0.04 

9.85 

2.4 

50-80 

205 

0.04 

12.69 

3.1 

80-120 

40 

0.007 

3.54 

0.9 

120  + 

0 

0 

0 

0 

aThe  data  include  both  exposed  and  potentially  exposed  workers  for  all  occupational 
subgroups  given  in  Table  3.1.  A  large  portion  of  the  workers  in  the  O-MD  (Minimum 
Detectable)  range  are  dental  workers.  Each  occupational  subgroup  follows  the  same 
type  of  distribution  but  with  a  different  mean  (EPA,  1984). 


like  most  other  occupational  dose  equivalent  distributions,  illustrate 
several  typical  features.  First,  the  distribution  is  heavily  skewed 
toward  low  annual  dose  equivalents.  Although  the  average  annual 
dose  equivalent  was  about  0.7  mSv/y  for  the  total  potentially  exposed 
workforce,  approximately  53  percent  of  the  group  received  less  than 
measurable  dose  equivalent  and  88  percent  received  less  than  1 
mSv/y.  Of  the  exposed  workers  (those  receiving  a  measurable  dose 
equivalent  at  least  once  during  the  year),  whose  average  annual  dose 
equivalent  was  about  1.5  mSv/y,  approximately  75  percent  received 
less  than  1  mSv/y.  Second,  the  largest  contribution  to  collective  dose 
equivalent  is  made  by  the  small  fraction  of  workers  who  receive  high 
dose  equivalents.  The  3  percent  of  the  total  workforce  (6  percent  of 
the  exposed  group)  who  receive  an  annual  dose  equivalent  greater 
than  5  mSv/y  contribute  approximately  51  percent  of  the  collective 
dose  equivalent.  Finally,  in  1980  less  than  0.5  percent  of  the  total 
workforce  received  an  annual  dose  equivalent  in  excess  of  20  mSv/y 
and  less  than  0.05  percent  received  an  annual  dose  equivalent  in 
excess  of  the  recommended  upper  limit  of  50  mSv/y. 

As  discussed  in  NCRP  Report  No.  101  (NCRP,  1989a),  dose  equiva- 
lent distributions  for  many  categories  of  occupational  exposure  have 
been  shown  to  be  reasonably  well  approximated  by  the  log-normal 
distribution.  This  mathematical  expression  states  that  the  logarithm 
of  annual  dose  equivalent  is  distributed  according  to  the  normal 
probability  function.  The  log-normal  distribution  can  be  helpful  in 
estimating  the  contribution  of  less  than  measurable  doses  to  the 
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collective  dose.  However,  Cook  and  Nelson  found  only  a  3  percent 
difference  by  using  the  log-normal  distribution  compared  to  setting 
the  collective  dose  of  that  group  equal  to  zero  (EPA,  1980). 

Average  annual  dose  equivalent,  taken  alone,  is  not  a  sufficient 
descriptor  of  success  or  failure  of  radiation  protection  efforts  because 
it  is  highly  dependent  on  the  large  numbers  of  monitored  workers 
receiving  less  than  the  minimum  detectable  value  for  the  monitoring 
device  used.  Annual  collective  dose,  although  essential  for  estimat- 
ing detriment,  is  dependent  on  the  number  of  workers  and  their 
workload.  One  parameter  that  describes  the  efficiency  of  "expendi- 
ture" of  occupational  exposure  in  the  attainment  of  a  production 
level  is  the  ratio  of  annual  collective  dose  to  annual  workload.  A 
lower  ratio  implies  better  radiation  protection.  This  type  of  analysis 
has  been  attempted  for  diagnostic  x-ray  facilities  in  various  countries 
(UNSCEAR,  1982).  Workload  was  measured  as  the  number  of  films 
used  for  x-ray  examinations  per  year,  with  the  result  that  the  collec- 
tive dose  per  film  ranged  from  0.5  x  10  2  to  4.2  x  10  6  person-Sv/ 
film.  Similar  factors  can  be  calculated  using  procedure  volume  rather 
than  number  of  films  to  estimate  workload.  Kumazawa  et  al.  indi- 
cated that  hospital-based  personnel  received  a  collective  dose  of  172 
person-Sv  in  1980  (see  Table  3.1)  (EPA,  1984).  The  data  of  Johnson 
and  Abernathy  indicated  that  in  1980  there  were  151  x  106  hospital- 
based  imaging  procedures  using  radiation  (Johnson  and  Abernathy, 
1983).  Thus,  the  collective  dose  per  procedure  is  approximately  1.1 
x  10  6  person-Sv/procedure.  This  figure  is  somewhat  misleading, 
however,  because  radiation  therapy  operations  (particularly  brachy- 
therapy)  contribute  to  collective  dose  but  were  not  counted  in  proce- 
dure volume.  A  more  meaningful  approach  would  be  to  acquire  data 
on  collective  dose  per  unit  workload  of  each  area  having  a  unique 
occupational  subgroup  (see  Section  8). 


3.3   Is  There  Evidence  of  Need  for  Improved 
ALARA  Practices? 

In  the  previous  section,  it  was  shown  that  there  are  good  reasons 
for  believing  that  individual  dose  limitations  are  rarely  exceeded  by 
medical  workers.  It  is  a  much  more  difficult  task  to  either  prove  or 
disprove  the  conjecture  that  medical  occupational  exposure  is  as  low 
as  reasonably  achievable.  To  demonstrate  the  need  for  improvement 
in  radiation  protection,  an  analysis  should  reveal  that  either  the  cost 
of  radiation  protection  or  the  cost  of  radiation  detriment,  or  both, 
could  be  reduced  while  the  net  benefit  to  society  of  the  use  of  radiation 
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could  be  improved  or  at  least  maintained.  Potential  for  reduction  of 
average  dose  or  collective  dose  is,  by  itself,  not  sufficient  to  indicate 
the  desirability  of  modified  radiation  safety  practices. 

Many  of  the  reports  that  have  been  cited  as  indications  of  practices 
incompatible  with  the  utilization  of  the  ALARA  concept  are  anec- 
dotal in  nature  and  often  do  not  address  the  issues  of  cost  and  benefit. 
Several  authors  have  reported  a  reduction  in  exposure  of  nuclear 
medicine  personnel  per  unit  work  load  over  a  several  year  period 
(Barrall  and  Smith,  1976;  Gandsman  et  al,  1980).  Although  the 
cost  of  the  dose  reduction  measures  was  not  discussed,  many  of  the 
measures  involved  simple  changes  in  operational  procedures  that 
would  not  be  expected  to  incur  major  expense.  Reduction  in  the 
average  whole  body  exposure  of  nuclear  medicine  personnel  as  a 
result  of  the  operation  of  a  Nuclear  Pharmacy  has  also  been  reported 
(Ahluwalia  et  al.,  1981).  Effects  on  collective  dose  and  operating  cost 
were  not  discussed.  A  review  of  fourteen  years  of  personnel  radiation 
exposure  in  a  radiation  oncology  facility  revealed  a  trend  toward 
decreasing  collective  dose  and  decreasing  average  annual  dose 
(Leung,  1983).  However,  no  major  operational  changes  occurred  dur- 
ing the  time  period,  and  no  special  effort  was  made  to  optimize 
exposures  other  than  normal  practices  of  radiation  protection.  The 
EPA  has  partially  ascribed  dose  reductions,  particularly  reductions 
in  the  number  of  personnel  exceeding  50  mSv/y,  to  ALARA  regula- 
tory requirements  (EPA,  1984).  However,  the  trend  in  U.S.  medical 
collective  dose  has  been  steadily  downward  ever  since  reliable  data 
first  became  available  in  1960.  It  seems  equally  plausible  to  conclude 
that  the  original  "ALAP"  recommendation  was  being  observed  before 
any  additional  regulations  were  promulgated,  although  regulated 
changes  in  medical  equipment,  such  as  minimum  filtration  require- 
ments, beam  collimation  and  exposure  rate  limits,  could  also  be 
contributing  factors.  Non-regulated  changes,  such  as  faster  intensi- 
fying screens,  more  image  intensified  fluoroscopes  and  better  trained 
personnel  may  be  of  equal,  if  not  greater,  importance. 

To  summarize,  there  is  no  conclusive  evidence  of  the  need  for 
improved  ALARA  practices  but  there  is  also  no  reason  to  assume 
that,  unless  the  ALARA  principle  is  applied,  all  workers  are  being 
provided  the  maximum  protection  possible. 


4.   The  ALARA  Requirement 


4.1   Cost-Benefit  Analysis 

4.1.1   Background  and  Historical  Review 

The  basic  principle  known  as  ALARA  has  been  an  integral  part  of 
the  overall  philosophy  of  radiation  protection  for  over  forty  years. 
As  reviewed  by  Auxier  and  Dickson  (1983),  the  ALARA  concept 
traces  its  beginnings  to  the  radiation  protection  programs  of  the 
Manhattan  Project.  The  NCRP  recommended  in  1954  that  radiation 
exposure  should  "be  kept  at  the  lowest  practical  level"  (NCRP,  1954). 
The  International  Commission  on  Radiological  Protection  (ICRP) 
made  a  similar  recommendation  in  1959  (ICRP,  1959).  All  subse- 
quent recommendations  of  the  NCRP  and  ICRP  have  endorsed  the 
principle  of  ALARA,  as  originally  conceived  although  with  differing 
terminology  and  differing  degrees  of  explanation. 

NCRP  recommendations  concerning  ALARA  were  discussed  in 
Basic  Radiation  Protection  Criteria,  NCRP  Report  No.  39  (NCRP, 
1971)  and  subsequently  reviewed  in  Review  of  the  Current  State  of 
Radiation  Protection  Philosophy,  NCRP  Report  No.  43  (NCRP,  1975). 
[Both  superseded  by  Report  No.  91  (NCRP,  1987a),  discussed  below.] 
The  general  principle  governing  occupational  exposure  espoused  by 
the  NCRP  at  that  time  was  that,  since  no  inflexible  numerical  crite- 
ria governing  radiation  exposure  could  be  given,  modifications  of  the 
recommended  maximum  permissible  values  might  be  justified  on 
the  basis  of  social,  technical,  and  economic  factors.  Because  a  non- 
threshold  dose-effect  relationship  was  assumed,  all  radiation  expo- 
sure was  to  be  held  to  the  lowest  practicable  level.  The  particular 
levels  compatible  with  the  term  "lowest  practicable"  must  be  site- 
specific,  and  determined  according  to  acceptable  risk  (NCRP,  1971). 
The  NCRP  noted  that  the  establishment  of  radiation  protection  stan- 
dards requires  consideration  of  trade-offs  between  hazards  and  bene- 
fits (NCRP,  1975,  p.  2).  Identification  and  quantification  of  both  risks 
and  benefits  were  considered  so  uncertain  at  that  time  that  the 
practice  of  balancing  risks  and  benefits  numerically  could  not  be 
pursued.  However,  the  risk-benefit  approach  was  important  "in  order 
to  avoid  the  expenditure  of  large  amounts  of  the  limited  resources  of 
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society  to  reduce  very  small  risks  still  further  with  possible  concomi- 
tant increase  in  risks  of  other  hazards  or  consequent  lack  of  attention 
to  existing  greater  risks"  (NCRP,  1975,  p.  3). 

The  International  Commission  on  Radiological  Protection  (ICRP) 
has  recommended  a  philosophy  of  radiation  protection  based  upon 
quantitative  risk.  The  basic  system  was  set  forth  in  Recommenda- 
tions of  the  ICRP,  ICRP  Publication  26  (ICRP,  1977,  p.  2,  3): 

"Most  decisions  about  human  activities  are  based  on  an 
implicit  form  of  balancing  of  costs  and  benefits  leading  to  the 
conclusion  that  the  conduct  of  a  chosen  practice  is  "worthwhile". 
Less  generally,  it  is  also  recognized  that  the  conduct  of  the 
chosen  practice  should  be  adjusted  to  maximize  the  benefit  to 
the  individual  or  to  society.  In  radiation  protection,  it  is  becom- 
ing possible  to  formalize  these  broad  decision-making  proce- 
dures, though  not  always  to  quantify  them.... 

The  Commission  recommends  a  system  of  dose  limitation, 
the  main  features  of  which  are  as  follows: 

(a)  no  practice  shall  be  adopted  unless  its  introduction 
produces  a  positive  net  benefit; 

(b)  all  exposures  shall  be  kept  as  low  as  reasonably  achiev- 
able, economic  and  social  factors  being  taken  into 
account;  and 

(c)  the  dose  equivalent  to  individuals  shall  not  exceed  the 
limits  recommended  for  the  appropriate  circumstances 
by  the  Commission." 

The  ICRP  has  stated  that  the  recommendation  for  ALARA  is  syn- 
onymous with  a  recommendation  for  "optimization  of  radiation  pro- 
tection". Because  the  ICRP  system  is  based  upon  quantitative  risk 
and  detriment,  it  facilitates  a  quantitative  description  of  the  ALARA 
(optimization)  recommendation  based  upon  cost-benefit  considera- 
tions. This  approach  was  explored  in  considerable  detail  in  ICRP 
Publication  37,  Cost -Benefit  Analysis  in  the  Optimization  of  Radia- 
tion Protection  (ICRP,  1983).  The  report  recognizes  that  quantitative 
techniques  have  both  strengths  and  weaknesses  (ICRP,  1983,  p.  2, 
3): 

"Optimization  of  radiation  protection  applies  to  all  situations 
where  radiation  exposures  can  be  controlled  by  protection 

measures  The  degree  of  quantification  in  the  techniques 

used  for  radiation  protection  optimization  will  vary  with  the 
different  applications.  Designers  of  installations  and  protection 
systems  will  tend  to  use  more  quantitative  techniques  for  decid- 
ing the  degree  of  protection  (shielding  thickness,  containment, 
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ventilation  rates,  etc.)  that  will  meet  the  optimization  require- 
ment. Competent  authorities  may  use  stylized  quantitative 
techniques  of  optimization  in  deriving  appropriate  authorized 
limits  and  requirements  for  given  types  of  installations,  radia- 
tion sources  or  practices  involving  radiation  exposures. 

Optimization  of  radiation  protection  during  operations  usu- 
ally, but  not  necessarily  always,  tends  to  be  less 
quantitative  Quantitative  assessments  of  radiation  pro- 
tection optimization  are  not  suggested  for  daily  operational 
practice.  The  persons  responsible  for  radiation  protection  in 
daily  operations  will  have  to  follow  simpler  rules  imposed  by 
the  competent  authority  or  the  management,  on  the  basis  of 
the  optimization  principle.  In  addition,  they  may  be  guided  by 
the  general  ambition  of  optimizing  radiation  protection, 
although  in  an  intuitive  rather  than  quantitative  way." 

Radiation  protection  optimization  was  cast  as  decision  analysis, 
with  cost-benefit  analysis  offering  a  quantitative  technique  for  calcu- 
lating decision  criteria.  The  ICRP  approach  will  be  discussed  in 
further  detail  as  parts  of  Sections  4.1.2  to  4.1.4. 

Current  NCRP  recommendations  concerning  ALARA  are  con- 
tained in  Recommendations  on  Limits  for  Exposure  to  Ionizing  Radia- 
tion, NCRP  Report  91  (NCRP,  1987a),  superseding  the  previous 
Reports  39  and  43.  The  NCRP  has  endorsed  the  "previous  recommen- 
dations concerning:  (1)  the  need  to  justify  any  activity  which  involves 
radiation  exposure  on  the  basis  that  the  expected  benefits  exceed  the 
predicted  cost  (justification),  (2)  the  need  to  reduce  the  total  radiation 
detriment  from  such  justifiable  activities  or  practices  to  as  low  a 
level  as  is  reasonably  achievable  (ALARA),  economic  and  social 
factors  being  taken  into  account,  and  (3)  the  need  to  apply  individual 
effective  dose  equivalent  limits  to  ensure  that  the  procedures  for 
justification  and  ALARA  do  not  result  in  individuals  or  groups  of 
individuals  exceeding  acceptable  levels  of  risk"  (NCRP,  1987a,  p. 5). 
The  NCRP  also  recognizes  that  optimization,  as  defined  in  ICRP 
Publication  37,  has  the  same  meaning  as  ALARA. 

4.1.2   Risk  Models  and  Minimization  of  Exposure 

The  relationship  between  dose  and  effect  is  an  essential  part  of  the 
basis  for  guidelines  for  the  safe  utilization  of  any  hazardous  agent. 
Although  radiation  effects  have  been  extensively  studied  for  over 
six  decades,  considerable  uncertainty  still  exists  about  their  precise 
functional  form  and  magnitude,  particularly  for  human  populations 
exposed  to  the  dose  ranges  encountered  in  typical  radiation  protec- 


20      /      4.   THE  ALARA  REQUIREMENT 

tion  circumstances.  This  uncertainty  is  due  primarily  to  the  small 
probability  of  the  effects  occurring.  To  deal  with  the  uncertainty, 
dose-effect  models  have  been  developed  that  reflect  both  the  best 
available  data  and  the  applications  for  which  the  models  are  to  be 
used. 

As  discussed  in  the  BEIR  III  Report  (NAS/NRC,  1980),  several 
different  dose-effect  models  that  describe  known  high  dose  data 
equally  well  yield  greatly  different  predictions  in  the  low  dose  region. 
Although  the  linear  model  has  been  neither  proved  nor  disproved  to 
be  the  most  accurate  model  for  predicting  low  level  radiation  effects 
in  human  populations,  it  is  often  used  for  radiation  protection  pur- 
poses. This  is  because  there  is  some  (but  not  conclusive)  evidence 
supporting  its  factual  validity,  because  it  is  perceived  to  be  a  "conser- 
vative" model  which,  if  anything,  overestimates  the  effects  of  low 
level,  low  LET  radiation,  and  because  it  is  compatible  with  the 
concept  of  collective  dose. 

Rather  than  the  general  term  "radiation  effect",  the  more  precise 
terms  of  "risks",  and  "detriment"  are  preferred.  Following  ICRP 
terminology,  "risk"  is  defined  as  the  probability  that  a  given  individ- 
ual will  incur  a  particular  radiation-induced  effect  as  a  result  of  the 
dose  received,  while  "detriment"  is  the  probability  of  harm  induced 
in  an  exposed  group  of  people,  taking  into  account  both  the  probabil- 
ity and  severity  of  all  possible  harmful  effects  (ICRP,  1983).  That 
is,  risk  and  detriment  are  measures  of  probability,  not  certainty. 
Probabilistic  models  can  predict  the  fraction  of  a  population  that  will 
be  harmed  by  exposure,  but  they  cannot  predict  which  particular 
members  of  the  population  will  experience  the  harm.  The  ICRP 
quantifies  risk  and  detriment  using  the  linear  model  as  follows:  If  a 
population  receives  a  collective  dose  equivalent  S  (person-Sv),  the 
health  detriment,  G,  for  that  population  is  given  by 

G  =  RS,  (4.1) 

where  R  is  the  total  risk  (serious  effects/dose  equivalent).  The  value 
ofR  has  been  taken  to  be  1.65  x  10  2  Sv1,  of  which  1.25  x  10  2  Sv1 
is  for  fatal  cancers  and  0.4  x  10  2  Sv1  is  due  to  serious  hereditary 
effects  in  the  first  two  generations  (ICRP,  1983).  These  estimates  of 
risk  may  be  increased  in  the  future  as  recent  epidemiological  data, 
especially  for  the  survivors  of  the  A  bombs  in  Japan,  indicate  (UNS- 
CEAR,  1988).  This  expected  increase  was  already  noted  by  NCRP 
(NCRP,  1987a)  and  will  be  fully  discussed  in  relation  to  radiation 
protection  in  a  forthcoming  report  (NCRP,  1991a)  (Report  of  Scien- 
tific Committee  1-2). 

All  non-threshold  models  state  that  risk  and  detriment  can  be 
reduced  to  zero  only  when  the  dose  equivalent  is  zero.  Although  there 
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may  be  a  "risk  free"  level  of  radiation,  and  although  the  magnitudes 
of  risks  and  detriments  of  radiation  levels  encountered  in  radiation 
protection  are  very  small,  it  is  still  conservatively  assumed  that 
there  is  no  "absolutely  risk  free"  level  of  radiation,  at  least  for  the 
purposes  of  radiation  protection.  From  these  considerations,  it  fol- 
lows that  maximum  radiation  protection  can  be  achieved  only  by  the 
minimization  of  exposure.  The  problem  with  this  approach  is  its  tacit 
assumption  that  low  level  radiation  is  the  only  risk  to  which  a  worker 
is  exposed  and  that  minimization  is  desirable  regardless  of  the  cost  of 
resources  expended.  The  principle  of  ALARA  addresses  these  major 
issues. 


4.1.3   Optimization  of  Radiation  Protection 

A  level  of  radiation  protection  that  is  ALARA  implies  neither 
maximum  protection  nor  maximum  resource  expenditure,  but  rather 
that  detriments  and  resource  expenditures  have  been  optimized  to 
yield  the  greatest  net  benefit.  As  more  resources  are  expended,  bene- 
fits are  gained  due  to  decreased  health  detriment;  at  the  same  time, 
benefits  are  lost  due  to  the  depletion  of  resources.  In  many  cases,  an 
optimal  resource  expenditure  level  exists  which,  if  either  increased 
or  decreased,  results  in  a  decrease  in  net  benefit.  This  defines  the 
optimal  level  of  radiation  protection.  All  recommended  systems  of 
radiation  protection  require  that  the  optimal  level  of  protection  shall 
not  result  in  any  dose  equivalent  limitation  being  exceeded.  Hence, 
the  optimization  process  is  utilized  only  for  exposures  below  limit 
values. 

Although  the  optimization  process  is  more  easily  conceptualized 
as  a  mathematical  procedure,  other  procedures  may  be  used.  In 
circumstances  for  which  no  precise  quantitative  relationship 
between  benefit  and  resource  expenditure  can  be  derived,  optimiza- 
tion necessarily  proceeds  in  a  qualitative  fashion,  with  estimates  of 
net  benefit  based  upon  experience,  intuition  and  value  judgement. 
Qualitative  optimization  is  not  a  "blank  check"  to  select  arbitrarily 
any  level  of  protection.  Just  as  the  decisions  of  a  trial  judge  must  be 
logical,  defensible  and  within  legal  precedent,  so  must  the  decisions 
concerning  the  optimal  level  of  radiation  protection  be  logical,  defen- 
sible and  within  precedents  established  by  the  radiation  protection 
community. 

If  the  relationship  between  net-benefit  and  resource  expenditure 
can  be  exactly  quantified,  then  the  decision-making  process  reduces 
to  the  solution  of  a  set  of  equations,  and  the  laws  of  mathematics 
become  the  impartial  judge  of  the  optimal  solution.  The  cost-benefit 


22      /      4.   THE  ALARA  REQUIREMENT 

model  of  optimization  is  such  a  system.  As  will  be  seen  below,  there 
are  relatively  few  circumstances  that  may  be  reduced  to  a  set  of 
equations.  Nevertheless,  the  cost-benefit  model  provides  an  impor- 
tant conceptual  guide  for  the  optimization  process. 


4.1.4.    The  Cost-Benefit  Model  of  Optimization 

The  cost-benefit  model  of  optimization  assumes  that  a  precise 
mathematical  relationship  exists  between  benefits  and  resources, 
and  that  net  benefit  can  be  expressed  in  monetary  terms.  The  net 
benefit  B  from  the  utilization  of  radiation  is  expressed  as  B  =  V- 
(P+X+Y),  where  V  is  the  gross  benefit  resulting  from  that  utiliza- 
tion, P  is  the  production  cost  excluding  the  cost  of  radiation  protec- 
tion, X  is  the  cost  of  radiation  protection  and  Y  is  the  cost  of  radiation 
detriment.  Most  optimization  calculations  assume  that  V,  the  gross 
benefit,  and  P,  the  production  cost  excluding  the  cost  of  radiation 
protection,  are  not  affected  by  radiation  protection  decisions.  Hence, 
maximum  benefit  occurs  when  the  sum  of  the  costs  of  radiation 
protection  and  radiation  detriment  is  minimized: 

Z[$]  +  Y[$]  =  minimum.  (4.2) 

The  cost  of  achieving  a  given  level  of  protection  is  denoted  by  X[$]. 
This  cost  includes  both  capital  costs  and  subsequent  operating  costs 
of  radiation  protection  over  the  expected  lifetime  of  the  system. 
Various  degrees  of  sophistication  of  cost  estimation,  including  crude 
costs,  present  worth  and  capitalized  cost,  have  been  suggested  by 
the  ICRP.  The  ultimate  result  of  a  cost-benefit  optimization  can  be 
affected  by  the  choice  of  accounting  methodology  used  to  assess  either 
cost  or  detriment.  Another  complication,  referred  to  as  the  "distribu- 
tional problem"  by  the  ICRP  (ICRP,  1983,  p.  21),  is  that  different 
individuals  or  populations  may  bear  the  cost,  suffer  the  detriment 
or  receive  the  benefit  of  a  particular  application  of  radiation.  An 
example  might  be  an  employer  who  incurs  higher  radiation  protec- 
tion costs  to  reduce  the  risk  of  genetic  detriment,  the  benefit  of  which 
is  received  not  by  the  employer  or  employees  but  by  their  future 
generations.  In  a  formal  cost-benefit  optimization,  problems  of  this 
nature  must  be  accounted  for  in  monetary  terms. 

The  monetary  cost  of  the  objective  health  detriment,  is 
related  to  the  collective  effective  dose  equivalent  by 

Y[$]  =  a[$/person-Sv]S[person-Sv],  (4.3) 

where  a  is  a  constant  expressing  the  cost  assigned  to  the  unit  collec- 
tive dose,  S,  for  radiation  protection  purposes.  Subjective  factors, 
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such  as  psychological  response  to  exposure,  societal  desire  to  avoid 
radiation  risk  in  a  manner  disproportionate  compared  to  other  risks, 
or  a  desire  to  obtain  public  or  worker  goodwill  by  providing  greater 
radiation  protection  than  is  otherwise  warranted,  may  also  be 
included  as  "subjective  detriment"  (ICRP,  1983).  Because  subjective 
detriment  is  not  based  on  biological  response,  its  dependence  on 
dose  equivalent  is  problematic.  The  ICRP  gives  several  examples  of 
optimization  that  explicitly  include  the  monetary  cost  of  subjective 
detriment  (ICRP,  1983).  In  this  report,  only  the  objective  health 
detriment  is  explicitly  considered.  The  value  of  a  is,  in  principle, 
related  to  objective  health  detriment,  as  discussed  by  the  ICRP 
(ICRP,  1983,  p.  19): 

"The  risk  factors  .  .  .  allow  for  the  prediction  of  the  most 
important  health  effects  that  can  result  from  exposure  to  radia- 
tion. These  factors,  coupled  with  the  collective  dose  commit- 
ment concept,  can  give  a  statistical  prediction  of  the  number  of 
cancers  and  serious  hereditary  effects  occurring  as  a  result  of 
a  practice.  If,  by  some  means,  it  were  possible  to  assign  a  mone- 
tary value  to  these  stochastic  health  effects,  then  the  value  of 
a  would  approximately  be  equal  to  that  value  divided  by  the 
relevant  risk  factor  for  fatal  cancer  induction  as  a  result  of 
whole-body  irradiation.  This  procedure  has  considerable  appeal 
because  it  could  lead  to  a  consistent  application  in  a  variety  of 
different  situations  However,  any  valuation  is  of  statisti- 
cal lives,  and  not  of  particular  individuals;  for  example, 
although  the  value  of  the  change  in  life  expectancy  of  unknown 
individuals  is  actually  being  assessed,  no  value  is  being 
assigned  to  identified  individuals." 

In  its  most  basic  form,  cost-benefit  optimization  thus  seeks  to  find 
a  solution  to  the  equation 

X  +  a  S  =  minimum.  (4.4) 

A  particularly  simple  example  occurs  when  considering  a  discrete 
change  in  protection  from  some  level  A  to  a  more  costly  level  B.  If 
the  non-objective  costs  can  be  ignored,  such  a  change  is  indicated  if 

-  -  a.  (4.5) 


Su-S 


This  expression  states  that  the  additional  cost  expended  per  person- 
Sv  collective  dose  reduction  should  be  less  than  the  value  established 
for  a.For  complex  systems  involving  multiple  parameters  with  inter- 
related subsystems,  the  mathematics  of  formal  optimization  becomes 
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complex,  requiring  sophisticated  computational  techniques  for  solu- 
tion. 

Cost-benefit  optimization  is  most  feasible  in  circumstances  involv- 
ing a  single  variable  that  is  related  in  a  straightforward  manner  to 
cost  and  collective  dose.  These  circumstances  are  most  likely  to  occur 
in  the  radiation  protection  design  of  facilities.  The  ICRP  gives  specific 
numerical  examples  of  optimizing  the  thickness  of  a  barrier,  the 
ventilation  flow  rate  and  environmental  release  of  radioactive  mate- 
rials. The  ICRP  shows,  for  example,  that  the  optimal  amount  of 
shielding  to  be  added  to  a  barrier  wall  already  in  compliance  with 
dose  limit  recommendations  is  given  by  the  solution  to  the  equation 
(ICRP,  1983,  p.  29) 

rarHJtN? 

where 

wQ  =  optimized  extra  shield  thickness, 

T  =  effective  attenuation  coefficient  of  the  shielding  material, 

Xv  =  cost  per  unit  volume  of  the  shielding  material  (shielding  cost 

assumed  to  be  directly  proportional  to  volume  of  shielding  material), 

h  =  shield  height, 

/  =  shield  length, 

t  =  lifetime  of  the  installation, 

a  =  cost  assigned  per  unit  collective  dose, 

=  maximum  effective  dose-equivalent  rate  at  contact  with  wall, 
ft  =  occupancy  time  factor, 
N  =  number  of  exposed  individuals,  and 
p  =  ratio  between  average  and  maximum  dose  rates. 

The  total  shield  thickness  is  then  equal  to  the  sum  of  the  initial 
thickness  plus  the  extra  thickness.  Detailed  calculations,  including 
numerical  examples,  are  given  in  ICRP  Publication  37  (ICRP,  1983). 

Formal  cost-benefit  optimization  of  radiation  protection  operations 
is  more  difficult  than  optimization  of  facility  design.  Radiation  pro- 
tection operations  are  dependent  on  human  factors  such  as  the  train- 
ing and  competence  of  personnel,  quality  of  management  and  opera- 
tional instructions  and  diligence  of  compliance  with  operational 
instructions.  Consequently,  it  is  difficult  to  quantify  both  the  costs 
and  detriments  associated  with  a  given  operation.  The  ICRP  con- 
cludes that  "the  optimization  process  in  operations  can  seldom  be 
complete,  a  situation  that  renders  decisions  about  alternative  opera- 
tional procedures  largely  qualitative  and  intuitive,  with  a  substan- 
tial component  of  non-quantitative  value  judgement"  (ICRP,  1983, 
p.  36). 
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4.2.   Difficulties  Presented  by  the  Cost-Benefit 
Model  of  Optimization 

4.2.1    General  Difficulties 

A  significant  obstacle  to  the  actual  utilization  of  cost-benefit  opti- 
mization for  implementation  of  ALARA,  in  both  exact  and  intuitive 
situations,  is  the  numerical  definition  of  a,  the  monetary  value 
assigned  per  unit  collective  dose.  As  previously  discussed,  the  mone- 
tary basis  of  cost-benefit  analysis  requires  a  monetary  valuation  of 
statistical  life  because  detriment  is  quantified  in  terms  of  statistical 
death.  However,  no  universally  accepted  method  to  arrive  at  such  a 
valuation  has  been  identified.  The  ICRP  reviewed  some  of  the  pro- 
posed techniques,  including  legal  damages,  insurance  premiums, 
loss  of  national  income  and  health  and  social  care  expenses  due  to 
the  death  of  an  average  worker.  Values  obtained  by  these  techniques 
ranged  from  $1,000  to  $100,000  per  person-Sv.  In  numerical  exam- 
ples the  ICRP  used  a  value  of  $10,000  per  person-Sv  without  recom- 
mending that  this  particular  value  had  any  merit  over  some  other 
value  (ICRP,  1983). 


4.2.2  Difficulties  Unique  to  the  Medical  Environment 

The  unusual  circumstances  of  the  medical  environment  can  have 
a  significant  impact  on  occupational  exposure.  Measures  to  modify 
radiation  protection  practices  that  could  easily  be  taken  in  other 
occupations  may  not  be  feasible  in  medicine  because  of  their  impact 
on  patient  care.  For  example,  proximity  to  a  patient  may  be  necessary 
during  a  radiation  procedure  to  perform  the  examination.  The  benefit 
to  the  patient  should  always  be  a  major  consideration  when  analyz- 
ing medical  radiation  protection.  Of  course,  it  is  difficult  to  assign  a 
numerical  value  to  patient  benefit  or  to  compare  patient  benefit  to 
occupational  worker  benefit. 

While  the  conceptual  framework  of  the  implementation  of  ALARA 
as  cost-benefit  optimization  can  be  well  supported  in  theory,  many 
problems  arise  in  practical  application  of  this  concept  in  a  medical 
setting.  Formal  optimization  is  best  suited  to  facility  design  prob- 
lems. Although  there  is  some  evidence  to  indicate  that  a  moderate 
fraction  of  medical  exposure  is  due  to  inadequacy  of  shielding  [pri- 
marily syringe  shields  (Branson  et  al,  1976)  and  portable  barriers 
(Brateman  et  al.,  1979;  Kosnik  and  Meengs,  1986)],  most  reports  of 
dose  reduction  cite  operational  change  as  a  major  cause  of  improve- 
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merit.  In  those  situations  amenable  to  formal  optimization,  the  prob- 
lem of  assigning  a  value  to  a  remains.  Until  there  is  a  nationally 
agreed  upon  value  for  a,  the  radiation  safety  committee  of  each 
institution  would  have  to  agree  upon  a  value  which,  presumably, 
would  fall  within  the  inflation-  adjusted  range  discussed  by  the  ICRP. 

The  responsibility  for  radiation  protection  of  medical  workers  is 
widely  dispersed.  At  a  particular  site,  responsibility  may  often  be 
entrusted  to  personnel  with  many  other  clinical  or  administrative 
duties.  From  the  data  discussed  in  Section  3  it  is  evident  that  there 
are  tens  of  thousands  of  sites  using  medical  radiation.  Each  site 
involves  a  comparatively  small  number  of  exposed  or  potentially 
exposed  workers.  Thus,  situations  are  likely  to  arise  in  which  person- 
nel untrained  in  the  technique  of  cost  benefit  analysis  might  experi- 
ence difficulty  in  implementing  the  concept. 

Having  few  employees  per  site  also  presents  difficulties  in  con- 
firming the  success  or  failure  of  a  radiation  protection  program, 
because  the  indicators  of  effective  radiation  protection  practice  are 
more  susceptible  to  statistical  imprecision  when  few  data  points  are 
available.  Small  samples  are  difficult  to  interpret.  In  this  situation, 
questions  arise  as  to  whether  a  few  data  points  falling  outside  the 
normal  range  are  sufficient  evidence  to  warrant  an  expenditure  of 
resources  to  reduce  radiation  exposure.  Conversely,  the  absence  of 
data  points  outside  of  the  normal  range  may  not  necessarily  indicate 
the  successful  maintenance  of  radiation  exposures  "as  low  as  reason- 
ably achievable". 


4.3   Reference  Levels  in  Optimization 

In  principle,  all  aspects  of  the  radiation  safety  program  should  be 
reviewed  to  provide  optimal  individual  and  collective  dose  equiva- 
lent. This  would  entail  a  constant  awareness  of  sources  of  exposure, 
the  manner  in  which  exposure  is  received,  ongoing  consideration  of 
cost  effective  strategies  for  modification  of  individual  and  collective 
dose  equivalents,  and  periodic  review  and  reappraisal  of  the  effec- 
tiveness of  training,  procedures,  facilities  and  equipment  to  ensure 
that  the  optimum  is  being  achieved.  This  approach  is  unfocussed,  in 
that  it  considers  all  facets  of  the  radiation  protection  program  on  an 
equal  basis.  Yet,  some  facets  may  benefit  more  from  optimization 
than  others.  Furthermore,  the  method  through  which  fulfillment  of 
the  ALARA  requirement  is  demonstrated,  i.e.,  showing  that  any 
change  in  design  or  operation  of  the  entire  department  would  result 
in  greater  cost  or  greater  detriment,  may  require  a  great  deal  of 
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effort.  Such  a  global  approach,  while  desirable,  may  be  beyond  the 
resources  of  many  medical  institutions.  In  these  circumstances,  it 
may  be  satisfactory  to  limit  the  range  of  optimization  activities 
based  upon  radiation  monitoring  records  of  occupationally  exposed 
individuals.  In  order  to  accomplish  this,  upper  and  lower  boundaries 
of  exposure  must  be  defined  to  focus  the  scope  of  optimization  activi- 
ties. 

The  upper  limit  used  for  implementing  ALARA  is  determined  by 
recommended  or  mandated  dose-equivalent  limits  (i.e.,  50  mSv/y 
annual  whole  body  and/or  other  organ-specific  and  population  spe- 
cific limits  as  set  by  the  NCRP  or  ICRP).  The  symbol  DLm  is  used  to 
denote  a  recommended  dose  equivalent  limit.  The  lower  boundary  of 
ALARA  activities  is  determined  by  the  "negligible  individual  risk 
level"  (NIRL),  defined  by  the  NCRP  as  that  annual  individual  dose 
equivalent  below  which  the  average  excess  risk  of  health  detriment  is 
so  low  as  to  make  unwarranted  any  further  effort  to  reduce  individual 
exposure  (NCRP,  1987a).  Dose  equivalents  below  the  NIRL  need  not 
be  considered  for  optimization  or  any  other  protective  measures.  The 
NCRP  has  set  the  numerical  value  of  the  NIRL  to  be  0.01  mSv/y 
(NCRP,  1987a).  The  NIRL  applies  to  all  individuals,  both  occupation- 
ally  exposed  and  members  of  the  public,  and  applies  to  all  aspects  of 
radiation  protection  including  facility  design  and  operations  man- 
agement. 

The  range  of  individual  exposures  subject  to  optimization  thus  lies 
between  the  NIRL  and  the  DLm  values.  In  the  case  of  occupationally 
exposed  personnel,  this  range  of  dose  equivalents  encompasses 
nearly  everyone  since  DUM  is  rarely  exceeded.  Hence,  it  is  desirable 
to  refine  further  the  scope  of  optimization  such  that  activities  are 
concentrated  on  individuals  for  whom  the  greatest  reduction  is  likely 
to  be  achieved.  One  method  for  attaining  such  a  refinement  is  the 
use  of  "reference  levels"  or  "action  levels". 

The  term  "reference  level"  (used  by  the  NCRP)  or  "action  level" 
(used  by  the  ICRP)  denotes  a  site-specific  and  predetermined  level 
of  dose  equivalent  or  collective  dose  which,  if  reached,  initiates  a 
predetermined  course  of  action.  The  reference  level  is  a  single  value 
of  dose  equivalent  that  divides  inaction  from  action.  In  the  case 
of  the  occupationally  exposed  medical  personnel,  variable  exposure 
patterns  and  monitoring  data  make  it  difficult  to  assign  a  single 
number  to  the  reference  level.  Instead,  a  fairly  broad  "reference 
range"  may  be  used.  As  with  the  reference  level,  dose  equivalents 
falling  above  or  below  the  reference  range  do  or  do  not  initiate  action. 
However,  dose  equivalents  falling  within  the  reference  range  are  in 
a  "gray  area"  that  requires  more  consideration.  The  reference  range 
for  occupationally  exposed  individuals  may  be  established  by  exam- 
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ining  the  properties  of  the  distribution  of  occupational  exposure  over 
the  population  of  monitored  individuals. 

A  graph  of  cumulative  percent  of  workers  and  cumulative  percent 
of  collective  dose  equivalent  versus  dose  equivalent  is  shown  in 
Figure  4.1.  The  data  are  taken  from  Table  3.2  for  workers  receiving 
greater  than  minimum  detectable  dose  equivalent  during  the  year. 
The  mean  annual  dose  equivalent  for  these  workers  measurably 
exposed  is  approximately  1.5  mSv/y.  As  discussed  in  Section  3.2, 
dose  equivalent  distributions  for  medical  and  dental  personnel  are 
approximated  by  the  log-normal  probability  function.  Hence,  the 
data  of  Figure  4.1  are  representative  of  dose  equivalent  distributions 
of  many  categories  and  subcategories  of  workers;  the  functional 
dependence  remains  the  same  (log-normal)  but  the  mean  annual 
dose  equivalent  depends  upon  the  particular  category  of  workers.  In 
general,  the  NIRL  defines  the  lower  bound  of  the  dose  equivalent 
scale.  The  upper  bound  of  the  dose  equivalent  scale  isDLIM,  which  in 
this  case  is  50  mSv.  The  reference  range  (IRR)  divides  the  dose 
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Fig.  4.1  Representative  plot  of  the  cumulative  fraction  of  individuals  and  the 
cumulative  fraction  of  collective  dose  versus  dose  equivalent.  See  text  for  explanation. 
IRR  is  the  individual  reference  range. 


4.3   REFERENCE  LEVELS  IN  OPTIMIZATION      /  29 

equivalent  scale  into  three  regions:  dose  equivalents  above  the  NIRL 
but  below  the  reference  range;  dose  equivalents  within  the  reference 
range  (IRR);  and  dose  equivalents  above  the  reference  range  but 
below  DLm.  These  regions  are  used  to  determine  the  scope  and  inten- 
sity of  optimization  activities. 

The  Individual  Reference  Range  (IRR)  is  denned  as  that  range  of 
individual  dose  equivalent  values  that,  if  exceeded,  automatically 
triggers  optimization  activity.  Hence,  all  individual  dose  equivalents 
above  the  IRR  must  be  reviewed  and  actions  taken  to  reduce  the 
exposure  from  the  identified  procedure  to  as  low  as  reasonably 
achievable.  The  IRR  is  not  a  dose  limitation  because  in  certain 
instances  an  exposure  exceeding  the  IRR  may  already  be  optimal  and 
hence  should  not  be  modified.  However,  it  is  desirable  to  concentrate 
effort  on  those  measures  that  affect  exposures  exceeding  the  IRR. 
This  is  because  only  a  few  individuals  are  expected  to  exceed  the 
IRR,  thus  focussing  the  scope  of  ALARA  activities;  and  because 
these  individuals  represent  the  greatest  potential  for  collective  dose 
equivalent  reduction,  assuming  individual  dose  equivalent  is  not 
reduced  by  averaging  over  more  workers.  Each  institution  should  set 
its  own  IRR  depending  upon  its  experience  and  radiation  protection 
philosophy.  As  a  general  guideline,  the  upper  bound  of  the  IRR 
should  be  greater  than  the  average  dose,  but  not  set  so  high  that  it 
is  rarely  exceeded.  A  properly  set  upper  bound  would  be  expected  to 
be  exceeded  by  a  few  percent  of  workers  during  the  course  of  several 
review  periods.  In  the  example  shown  in  Figure  4.1,  the  upper  bound 
of  the  IRR  is  exceeded  by  approximately  1  percent  of  all  potentially 
exposed  workers  and  by  5  percent  of  measurably  exposed  workers. 
However,  the  group  of  workers  with  doses  above  the  IRR  contributes 
approximately  40  percent  of  the  collective  dose  equivalent.  The  upper 
bound  of  the  IRR  thus  identifies  individuals  for  whom  ALARA  activi- 
ties would  have  the  greatest  potential  value. 

The  lower  bound  of  the  IRR  defines  the  individual  exposure  below 
which  no  optimization  activity  need  be  initiated.  Although  "reason- 
able" dose  reductions  may  be  possible  for  individuals  with  doses 
below  the  IRR,  the  potential  for  collective  dose  reduction  from  these 
individuals  is  small,  even  considering  the  large  number  of  individu- 
als in  the  group.  However,  additional  consideration  is  given  to  this 
group  in  terms  of  the  collective  reference  range,  to  be  discussed 
below.  It  should  be  emphasized  that  elimination  of  individuals  receiv- 
ing dose  equivalents  between  the  NIRL  and  IRR  from  automatic 
optimization  action  does  not  imply  that  cost  effective  dose  reduction 
efforts  should  not  be  undertaken  for  this  group.  If  a  cost  effective 
measure  is  known,  it  should  be  implemented  regardless  of  the  dose 
levels  of  the  individuals  affected.  The  purpose  of  the  reference  range 
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is  to  limit  the  scope  of  new  optimization  investigations  based  upon 
the  potential  return  in  collective  dose  reduction.  As  a  general  guide- 
line, the  lower  bound  of  the  IRR  should  be  set  high  enough  to  exclude 
a  large  fraction  of  individuals  from  optimization  without  encompass- 
ing a  significant  fraction  of  collective  dose.  In  the  example  shown  in 
Figure  4.1,  the  lower  bound  of  the  IRR  has  been  set  above  the  expo- 
sures of  approximately  90  percent  of  potentially  exposed  workers 
and  80  percent  of  measurably  exposed  workers.  The  group  of  workers 
excluded  from  consideration  by  the  lower  bound  of  the  IRR  contri- 
butes only  25  percent  of  the  total  collective  dose.  If  the  distribution 
of  dose  equivalent  does  not  follow  the  expected  log-normal  distribu- 
tion, the  bounds  of  the  IRR  may  be  adjusted  to  ensure  that  the 
fraction  of  individuals  excluded  is  not  too  large. 

Individual  exposures  falling  within  the  IRR  are  left  to  the  discre- 
tion of  the  institutional  radiation  safety  authority.  A  consistent  his- 
tory of  exposure  in  this  region  may  indicate  a  need  to  initiate  optimi- 
zation activity,  whereas  an  occasional  reading  would  cause  less  con- 
cern. A  group  of  individuals  engaged  in  the  same  activity  and  all 
receiving  exposures  in  this  region,  rather  than  a  broad  range  of 
exposures,  may  also  suggest  that  action  be  taken.  In  general,  a 
consistent  temporal  or  demographic  pattern  of  individual  exposures 
within  the  IRR  should  elicit  greater  attention  than  a  random  pattern. 
For  example  several  individual  workers  in  a  cardiac  catheterization 
laboratory  may  consistently  receive  exposures  just  below  the  upper 
bound  of  the  IRR  while  the  other  workers  receive  a  variety  of  expo- 
sures. The  institution  may  decide  to  initiate  optimization  activities 
for  these  workers  even  though  none  of  them  exceeded  the  IRR. 

Action  levels  based  on  individual  exposures  do  not  address  the 
problem  of  collective  dose.  From  a  societal  point  of  view,  collective 
dose  is  as  important  as  individual  dose  because  total  radiation  detri- 
ment is  assumed  to  be  proportional  to  collective  dose.  Because  of  the 
critical  dependence  of  collective  dose  on  workload,  staff  patterns, 
work  patterns,  and  complexity  of  procedures,  it  is  difficult  to  set 
numerical  collective  dose  guidelines.  The  practice  and  experience  of 
similar  institutions  may  be  useful  in  setting  initial  goals.  It  is  possi- 
ble for  an  institution  to  monitor  its  collective  dose  over  a  period  of 
time,  as  shown  in  Figure  4.2.  Once  sufficent  data  are  available, 
the  standard  deviation  of  the  collective  dose  can  be  calculated.  A 
Collective  Reference  Range  (CRR)  should  then  be  identifiable  based 
upon  the  precision  and  trend  of  the  data.  The  lower  and  upper  bounds 
of  the  CRR  may  be  set  approximately  one  and  two  standard  devia- 
tions (respectively)  above  the  mean  collective  dose  equivalent, 
although  institutional  experience  and  discretion  should  be  used  to 
determine  their  precise  value.  The  Collective  Reference  Range  is 
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Fig.  4.2  Representative  plot  of  collective  dose  versus  time.  The  variability  and 
trend  of  the  data  have  been  used  to  determine  the  Collective  Reference  Region.  See 
text  for  explanation. 


defined  to  be  that  range  of  collective  dose  equivalent  values  that,  if 
exceeded,  automatically  triggers  optimization  activity.  If  the  CRR  is 
not  exceeded,  it  is  presumed  that  "collective"  radiation  protection  is 
optimal  and  no  action  need  be  taken.  (However,  action  may  still  be 
needed  based  on  individual  doses.)  A  collective  dose  that  falls  within 
the  CRR  may  or  may  not  stimulate  optimization  activity,  based  upon 
institutional  discretion. 

For  larger  institutions,  it  is  preferable  to  monitor  the  collective 
dose  of  identifiable  subgroups  separately,  (e.g.,  diagnostic  imaging 
personnel,  radiation  oncology  personnel),  in  order  to  reduce  the 
chance  of  offsetting  trends.  If  possible,  workload  data  should  be 
obtained  for  the  period  over  which  the  collective  dose  is  analyzed 
because  workload  fluctuations  often  are  the  greatest  source  of  fluc- 
tuation in  collective  dose. 


4.4   Summary  of  Guidelines  for  Determining  the 
IRR  and  CRR 


Because  the  dose  equivalent  characteristics  of  institutions  and 
subgroups  within  institutions  are  not  identical,  and  because  each 
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institution  may  have  its  own  approach  to  the  use  of  reference  ranges, 
no  rigid  procedure  should  be  defined  for  determining  the  IRR  and 
CRR.  Nevertheless,  a  set  of  general  guidelines  can  be  formulated. 
First,  the  review  period  must  be  selected.  In  this  document,  a  quar- 
terly review  period  is  used.  A  shorter  review  period  may  be  suscepti- 
ble to  large  fluctuations  while  a  longer  review  period  may  be  less 
responsive  in  identifying  potential  problems.  A  quarterly  period  is 
also  commonly  used  for  meetings  of  hospital  radiation  protection 
committees.  Second,  individual  monitoring  data  sufficient  to  allow 
construction  of  dose  equivalent  distributions  for  each  separate  group 
must  be  collected.  For  instance,  a  hospital  may  use  the  last  12  to  16 
quarters  of  dose  equivalent  per  quarter  data,  grouped  by  radiology 
workers  and  cardiac  catheterization  laboratory  workers.  Third,  dose 
equivalent  and  collective  dose  equivalent  distributions  similar  to 
that  shown  in  Table  3.2  should  be  constructed  for  each  group. 

The  lower  and  upper  bounds  of  the  IRR  may  then  be  set  using  the 
dose  equivalent  and  collective  dose  equivalent  distributions.  The 
lower  bound  should  encompass  approximately  90  percent  of  poten- 
tially exposed  workers  and  80  percent  of  measurably  exposed  work- 
ers but  only  approximately  20  to  30  percent  of  collective  dose.  The 
upper  bound  of  the  IRR  should  be  set  to  encompass  approximately 
99  percent  of  potentially  exposed  workers  and  approximately  95 
percent  of  measurably  exposed  workers.  In  many  cases  the  lower 
bound  of  the  IRR  will  be  approximately  equal  to  the  mean  dose 
equivalent  of  measurably  exposed  workers  while  the  upper  bound 
will  be  3  to  5  times  that  value.  This  approximation  may  be  useful 
for  cases  in  which  there  are  insufficient  data  to  construct  meaningful 
dose  equivalent  distributions. 

Finally,  collective  dose  equivalent  per  review  period  should  be 
analyzed  by  group  for  trends  and  variance.  The  lower  bound  of  the 
CRR  should  be  approximately  equal  to  the  mean  collective  dose  per 
review  period  plus  one  standard  deviation,  while  the  upper  bound 
should  be  approximately  equal  to  the  mean  plus  two  standard  devia- 
tions. 


5.   A  Practical  Approach  to 
Implementation  of 
ALARA 


5.1  Rationale 

The  process  of  assuring  that  radiation  exposures  are  ALARA  may 
be  viewed  as  an  ongoing  series  of  decisions  about  possible  radiation 
protection  actions.  However,  decision  criteria  for  implementing 
ALARA  cannot  be  formulated  in  the  same  manner  as  dose  limita- 
tions that  employ  simple  numerical  thresholds  and  imperative  rules. 
In  some  cases,  a  mathematical  process  can  be  formulated  with  an 
outcome  that  may  be  used  as  a  numerical  decision  threshold.  In  the 
majority  of  cases  encountered  in  the  medical  environment,  however, 
the  decision  process  is  largely  qualitative  and  intuitive,  with  a  sub- 
stantial component  of  non-quantifiable  value  judgement.  A  practical 
approach  to  implementation  of  ALARA  in  a  medical  setting  must, 
therefore,  provide  a  framework  for  the  decision-making  process  with- 
out explicitly  determining  the  outcome  of  any  individual  decision. 


5.2   Description  of  Approach 

The  approach  to  implementing  ALARA  discussed  in  this  report 
addresses  only  the  operation  of  a  program  within  the  context  of  a 
pre-existing  and  properly  functioning  medical  radiation  protection 
program.  Although  the  principle  of  ALARA  and  the  criteria  for 
"standard"  radiation  protection  are  not  entirely  separable,  it  is  not 
the  purpose  of  this  report  to  review  all  aspects  of  medical  radiation 
protection. 

The  framework  for  a  medically  oriented  ALARA  program  is  dia- 
grammed in  the  flow  chart  in  Figure  5.1.  The  major  components  of 
the  system,  discussed  in  detail  below,  are  as  follows:  identification 
of  potential  problems  for  consideration,  assessment  of  a  particular 
potential  problem,  identification  of  possible  responses,  acquisition  of 
optimization  information  for  each  possible  response,  application  of 
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the  decision  process,  implementation  of  optimal  response,  and  assess- 
ment of  results.  The  flow  chart  does  not  include  an  "end"  statement 
because  this  process  is  ongoing.  The  intent  of  this  approach  is  to 
give  guidance  on  how  an  individual  institution  might  develop 
its  own  method  rather  than  to  impose  a  particular  method 
on  the  medical  radiation  safety  program.  Adaptation  to  local 
operations,  cost,  capabilities  and  social  factors  is  the  essence  of  imple- 
menting ALARA. 


5.2.1   Identification  of  Potential  Problems  for  Consideration 

The  initial  step  in  the  ongoing  implementation  process  is  the  iden- 
tification of  potential  problems  most  deserving  of  assessment.  Since 
the  only  result  of  this  step  is  further  assessment,  unrefined  data  and 
informal  procedures  may  be  used.  The  most  important  quantitative 
technique  is  periodic  review  of  personnel  monitoring  records.  A  flow 
chart  for  a  review  system  based  on  an  Individual  Reference  Range 
(IRR)  and  a  Collective  Reference  Range  (CRR)  is  shown  in  Figure  5.1. 
First,  each  individual  exposure  is  compared  to  the  IRR.  As  discussed 
previously,  many  individual  exposures  are  expected  to  be  less  than 
the  IRR,  and  only  a  few  percent  of  individual  exposures  are  expected 
to  exceed  the  IRR.  For  those  individuals  having  exposures  less  than 
the  IRR,  no  further  action  is  required.  Individuals  with  exposures 
exceeding  the  IRR  are  referred  automatically  to  the  "further  assess- 
ment" stage  of  the  optimization  process.  Individual  doses  within  the 
IRR  may  be  reviewed  further  to  decide  whether  action  is  justified 
(see  discussion  in  Section  4.3).  After  individual  records  are  reviewed 
it  is  necessary  to  review  collective  dose  records.  The  collective  dose 
and  collective  reference  range  are  calculated  from  current  and  past 
collective  dose  records  as  previously  described.  In  institutions  in 
which  large  subgroups  have  significantly  dissimilar  occupational 
exposure  patterns,  it  may  be  desirable  to  consider  each  subgroup 
separately.  If  the  collective  dose  for  a  group  or  subgroup  exceeds  the 
CRR,  then  that  group  is  referred  to  the  "further  assessment"  stage 
of  optimization.  Of  course,  the  fact  that  an  IRR  or  CRR  has  been 
exceeded  does  not  necessarily  indicate  that  a  non-optimal  situation 
exists.  That  determination  is  made  only  when  a  response  other  than 
"take  no  action"  results  from  the  subsequent  optimization  considera- 
tions. If  all  individual  exposures  are  less  than  the  individual  refer- 
ence range,  and  if  the  collective  dose  is  less  than  the  collective 
reference  range,  then  no  further  optimization  action  is  required  on 
the  basis  of  personnel  monitoring  records. 
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chart  for  implementation  of  an  ALARA  program. 
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Since  the  fact  that  an  IRR  or  CRR  has  not  been  exceeded  does  not 
necessarily  indicate  that  an  optimal  situation  exists,  additional  types 
of  data  may  be  used  to  initiate  the  optimization  procedure.  Observa- 
tion of  procedures  and  practices  by  various  members  of  the  medical 
and  technical  staff  can  be  used  to  supplement  exposure  records.  This 
type  of  input  can  be  particularly  useful  in  identifying  situations  that 
might  escape  detection  by  individual  or  area  monitoring.  Examples 
range  from  circumstances  in  which  personal  monitors  are  not  worn, 
or  are  worn  improperly,  to  circumstances  that  produce  highly  local- 
ized exposures  that  may  be  missed  by  a  single  whole  body  monitor. 
Individual  workers  may  also  question  whether  radiation  protection 
for  a  particular  procedure  is  being  appropriately  observed.  Examples 
might  include  inquiries  from  ward  nurses  about  their  exposures 
during  brachy therapy  procedures,  and  questions  from  technologists 
about  proximity  to  a  patient  during  an  imaging  procedure.  Observa- 
tions and  requests  are  inherently  non-quantitative,  and  judgement 
must  be  exercised  when  deciding  to  refer  the  situation  for  further 
assessment.  Past  experience  of  the  institution  and  published  experi- 
ences from  other  institutions  are  primary  aids  in  this  task. 

Finally,  even  in  the  absence  of  quantitative  or  qualitative  indica- 
tions, it  may  be  known  from  the  experience  of  recognized  experts 
that  certain  problems  are  likely  to  arise  and  hence,  may  be  worthy 
of  assessment.  For  example,  there  is  ample  evidence  that  wrap- 
around lead  aprons  can  reduce  body  exposures  of  persons  working  in 
a  special  procedures  laboratory.  An  institution  not  currently  using 
wraparound  aprons  may  wish  to  assess  their  potential  use,  even  in 
the  absence  of  problematic  exposure  data.  This  document  and  reports 
published  in  the  professional  literature  may  be  used  as  sources  of 
expert  experience. 


5.2.2   Assessment  of  a  Particular  Potential  Problem 

Once  a  potential  problem  is  identified,  it  should  be  assessed  further 
in  accordance  with  the  flow  chart  of  Figure  5.1.  In  general,  this 
assessment  involves  gathering  more  extensive  information  than  was 
used  for  identification  of  the  potential  problem.  Exposure  records 
pertinent  to  the  problem  should  be  critically  reviewed  to  ensure 
that  they  accurately  represent  the  real  situation.  Personal  monitor 
placement  and  applicability  of  interpretation  of  effective  dose  equiv- 
alent should  be  considered  by  each  institution.  (Monitor  placement 
and  applicability  of  dose  equivalent  recorded  has  been  more  fully 
discussed  in  Section  2.)  Since  higher  exposure  readings  can  be  due 
to  changes  in  workload,  data  should  be  obtained  about  the  complexity 
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and  number  of  procedures,  as  well  as  the  number  of  personnel 
involved.  Individual  and  collective  dose  data  corrected  for  inaccuracy 
and  representativeness  should  then  be  recompared  with  the  IRR  and 
CRR  of  the  group  or  subgroup  being  reviewed  to  be  sure  that  the 
indication  of  a  potential  problem  is  still  valid.  In  addition,  the  collec- 
tive dose  per  unit  workload  should  be  compared  with  representative 
local  and  national  values  to  ascertain  whether  an  observed  increase 
in  collective  dose  is  due  to  an  increase  of  workload  or  the  complexity 
of  workload  rather  than  to  non-optimal  radiation  protection.  Non- 
quantitative  observations  can  be  compared  with  past  observations 
of  normal  practice  or  similar  published  accounts.  If  the  quantitative 
or  qualitative  descriptors  of  the  potential  problem  exceed  these  nor- 
mative values,  then  sufficient  evidence  exists  to  warrant  further 
investigation. 

Potential  problems  with  characteristics  that  do  not  exceed  normal 
values  do  not  necessarily  represent  optimal  procedures.  When  feasi- 
ble, these  apparently  normal  situations  should  be  examined  to  see 
whether  further  improvements  are  possible.  However,  it  should  be 
recognized  that  some  areas  have  more  potential  for  improvement 
than  others  and  the  cost  of  detailed  consideration  of  a  problem  may 
exceed  the  potential  cost  reductions  associated  with  detriment  reduc- 
tion. 

Some  potential  problems  may  be  caused  by  a  breakdown  in  stan- 
dard radiation  safety  practice.  For  instance,  an  individual  may  be 
neglecting  to  use  lead  gloves  for  palpation  during  fluoroscopy.  This 
would  obviously  result  in  elevated  finger  badge  readings,  but  is  not 
a  problem  that  requires  optimization  procedures  for  its  solution.  Of 
course  any  problem  of  this  type  must  be  corrected  and  documented. 


5.2.3  Identification  of  Possible  Responses 

After  a  potential  problem  has  been  identified,  it  is  then  necessary 
to  identify  all  possible  responses  using  both  local  experience  and 
expert  experience,  as  found  in  this  report  and  in  the  professional 
literature.  As  shown  in  the  flow  chart  of  Figure  5.2,  five  general 
classifications  of  possible  response  can  be  identified:  take  no  action, 
modify  shielding,  modify  procedures,  modify  equipment  and  modify 
personnel  system  and/or  training.  "Take  no  action"  must  always  be 
considered  since  this  represents  the  appropriate  response  to  any 
situation  that  is  ultimately  shown  to  be  optimal.  "Modify  shielding" 
denotes  actions  such  as  adding  structural  shielding,  acquiring  porta- 
ble shields  or  wraparound  lead  aprons.  "Modify  procedure"  denotes 
possible  changes  in  the  manner  in  which  a  procedure  is  performed 
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Fig.  5.2  Detail  of  a  portion  of  Figure  5.1  showing  decision  tree  for  identification 
of  possible  responses  to  a  potential  problem. 


such  that  less  time  is  spent  in  radiation  areas,  greater  distance  is 
interposed  between  radiation  sources  and  personnel  or  less  radiation 
is  required  to  complete  the  procedure.  "Modify  equipment"  denotes 
improvements  in  existing  equipment  or  purchase  of  new  equipment 
which  may  result  in  lower  occupational  exposure.  Examples  are 
equipment  with  improved  image  receptor  sensitivity  or  improved 
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design  that  reduces  leakage  or  scatter  radiation.  As  will  be  discussed 
in  Section  5.2.4,  special  consideration  must  be  given  to  any  equip- 
ment change  that  impacts  upon  patient  care.  "Modify  personnel 
system  and/or  training"  denotes  possible  changes  in  the  number, 
duties  or  requisite  competency  of  personnel,  as  well  as  in-service 
training  activities  to  increase  the  radiation  protection  awareness  of 
personnel  and  to  motivate  personnel  to  use  good  radiation  protection 
practices.  The  better  the  cause  of  a  situation  is  understood,  the 
more  reasonable  will  be  the  response.  For  instance,  increasing  the 
shielding  of  an  angiographic  control  booth  will  not  reduce  exposures 
to  personnel  who  are  unable  to  leave  the  patient's  side  during  a 
procedure.  In  many  cases  it  may  be  useful  to  consider  a  possible 
response  that  is  a  combination  of  the  several  categories  discussed 
here. 


5.2.4   Acquisition  of  Optimization  Information  for  Each  Possible 
Response 

After  identification  of  each  possible  response  it  is  necessary  to 
acquire  data  on  both  the  expected  cost  of  implementation  and  the 
expected  effect  of  the  response  on  exposure  patterns.  Cost  of  imple- 
mentation should  include  all  capital  and  operational  costs.  For  possi- 
ble responses  with  far  reaching  consequences,  it  is  also  advisable  to 
review  the  cost  experience  of  other  institutions  undertaking  similar 
projects.  If  a  proposed  response  can  affect  patient  care  (i.e.,  a  change 
in  image  receptor  that  results  in  a  change  in  image  quality),  it  is 
necessary  to  demonstrate  either  that  the  benefit  to  the  patient  is  not 
decreased  or,  if  it  is  evident  that  the  benefit  will  be  decreased,  to 
assign  a  monetary  cost  to  the  change.  Not  only  is  this  latter  task 
extremely  difficult,  but  it  also  implies  that  immediate  benefits  to 
individual  patients  can  be  compared  to  long-term  stochastic  benefits 
to  a  group  of  occupationally  exposed  workers.  For  these  reasons  it 
may  be  desirable,  whenever  possible,  to  consider  alternatives  that 
have  either  beneficial  or  minimal  adverse  impact  on  patient  care.  In 
cases  in  which  a  proposed  change  may  impact  patient  care,  the 
proposed  change  must  be  thoroughly  discussed  and  agreed  upon  by 
the  medical  staff  prior  to  implementation. 

Estimating  the  effect  on  exposure  patterns  is  often  more  difficult 
than  estimating  the  cost  of  implementation.  Changes  in  exposure 
patterns  can  be  estimated  with  a  reasonably  precise  knowledge  of  the 
relative  contributions  of  various  sources  of  exposure,  their  relation  to 
radiation  protection  operational  guidelines  and  the  degree  to  which 
these  guidelines  are  actually  observed  by  the  workers.  If  a  quantita- 
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tive  estimate  of  the  anticipated  change  in  collective  dose  can  be 
made,  it  may  then  be  converted  to  monetary  terms  using  an  agreed 
upon  value  of  a,  which  has  units  of  $/person-Sv.  In  many  cases,  this 
type  of  analysis  will  either  be  impossible  or  will  have  such  a  high 
degree  of  uncertainty  that  it  is  of  little  value.  It  then  becomes  neces- 
sary to  rely  primarily  on  qualitative  judgement  and  the  experience  of 
similar  institutions  to  assess  the  potential  impact.  Various  possible 
responses  may  be  coarsely  ranked  as  being  expected  to  have  little, 
moderate,  or  large  anticipated  effect  on  individual  and  collective 
dose. 


5.2.5   Application  of  the  Decision  Process  to  All  Possible 
Responses 

At  this  point  there  is  sufficient  information  to  make  a  decision 
about  which  of  the  several  possible  responses  is  optimal.  In  the  small 
number  of  cases  that  can  be  reliably  cast  in  purely  monetary  terms, 
the  decision  consists  simply  of  choosing  the  option  that  minimizes 
the  total  cost  of  protection  plus  detriment.  Another  comparatively 
simple  choice  occurs  when  one  of  the  possible  options  provides  a 
favorable  effect  on  individual  or  collective  dose  for  little  or  no  cost. 
For  example,  informing  technologists  of  the  best  place  to  stand  dur- 
ing fluroscopic  procedures,  or  giving  a  lecture  on  safe  handling  of 
isotopes,  costs  very  little  but  can  yield  desirable  results.  In  some 
cases,  an  institution  may  wish  to  implement  trivial  cost  options  first 
regardless  of  expected  dose  reduction,  monitor  the  results,  and  then 
consider  more  costly  options  later  if  the  desired  result  is  not  achieved. 
While  this  approach  may  not  be  optimization  in  its  ideal  sense,  it 
does  recognize  the  uncertainties  involved  in  decision  analysis  and 
the  desire  to  conserve  resources. 

Inevitably,  cases  will  arise  in  which  no  zero  cost  options,  other 
than  "take  no  action",  are  available  and  in  which  accurate  formal 
cost-benefit  analyses  are  impossible.  These  cases  often  involve 
options  of  known  costs  that  represent  a  significant  expense,  and 
benefits  that  are  uncertain  or  only  coarsely  known.  The  lack  of  easy 
options  and  the  uncertainty  in  the  data  required  to  make  a  decision 
necessitate  significant  reliance  on  intuition  and  value  judgement. 
Qualitative  considerations,  such  as  the  institutional  philosophy 
towards  radiation  protection  and  the  potential  effect  of  the  decision 
on  the  public  image  of  the  institution,  may  influence  the  choice  of 
options.  Guidance  may  be  available  from  reports  from  other  institu- 
tions that  have  faced  similar  problems,  and  from  the  consultation  of 
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a  qualified  expert  having  appropriate  experience  in  the  particular 
radiation  protection  problem. 

5.2.6  Implementation  of  Optimal  Response,  Assessment  of  Results 
and  Documentation 

The  optimal  response  should  be  implemented  in  a  timely  fashion. 
Changes  in  operational  procedures  are  often  difficult  to  implement, 
because  they  depend  more  upon  the  diligence  and  competence  of  the 
staff  than  on  physical  changes.  Therefore,  it  may  be  advisable  to 
monitor  the  activities  of  staff  as  well  as  their  exposure  patterns. 
Before  a  measure  is  deemed  a  failure  it  is  well  to  confirm  that  it  was 
really  tried.  Small  improvements  may  take  some  time  to  detect,  and 
may  be  easily  masked  by  statistical  fluctuations.  If  a  response  does 
fail,  it  is  advisable  to  analyze  the  reason  for  failure  before  trying  the 
next  option,  since  failure  of  a  particular  option  may  be  indicative  of 
faulty  analysis  of  the  underlying  causes  of  the  problem. 

Each  time  the  radiation  protection  program  is  reviewed  for  compli- 
ance with  the  ALARA  requirement,  the  review  should  be  docu- 
mented. Such  documentation  should  include  the  reference  ranges 
used  to  review  monitoring  records,  the  nature  of  incidents  triggering 
further  investigations,  the  results  of  those  investigations,  a  sum- 
mary of  responses  considered,  justification  for  the  chosen  response 
and  the  results  of  the  implementation  of  that  response. 


6.   Implementation  of 
ALARA  in  Diagnostic 
X-ray  Imaging 


6.1    Sources  of  Occupational  Exposure  in  X-ray  Imaging 

This  section  deals  with  sources  of  occupational  exposure  associated 
with  diagnostic  x-ray  imaging.  Dental  radiography  is  covered  sepa- 
rately in  Section  9.  Table  6.1  shows  a  scheme  for  the  classification 
of  procedures  leading  to  potential  exposure. 

Occupational  radiation  exposure  in  medicine  depends  upon  a  num- 
ber of  factors,  the  most  important  of  which  is  the  x-ray  procedure. 
There  are  three  general  procedures  that  constitute  sources  of  expo- 
sure: radiography,  fluoroscopy  and  special  examinations.  Radiogra- 
phy is  by  far  the  most  widely  used  x-ray  imaging  modality  and  is  the 
most  significant  contributor  to  the  medical  radiation  exposure  of 
the  general  population.  Fluoroscopic  procedures  on  the  other  hand, 
including  those  of  a  special  nature,  constitute  fewer  than  10  percent 
of  all  examinations  (NCRP,  1989b),  but  are  the  largest  source  of 
occupational  radiation  exposure  by  far. 

Examples  of  unnecessary  occupational  exposure  abound  in  each  of 
these  areas.  Efforts  to  optimize  radiation  protection  may  be  neces- 

Table  6.1 — Procedures  having  the  potential  for  radiation  exposure  in  diagnostic  x- 
 ray  imaging  


Radiography  Fluoroscopy  Special  examinations 


General  purpose 

General  purpose 

Cardiac  catheterization 

hospital 

hospital 

Angiography 

private  office 

private  office 

neurologic 

Special  purpose 

Mobile  C-arm 

abdominal 

trauma 

digital  subtraction 

orthopedic 

Interventional  procedures 

cystographic 

angioplasty 

chiropractic 

embolization 

Mobile 

Tomography 

Computed  tomography 

Mammography 
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sary  in  all  three.  However,  the  appropriate  approach  will  differ  by 
type  of  x-ray  procedure.  Once  the  x-ray  procedure  has  been  identified, 
additional  factors  may  become  apparent.  Location,  size  and  type 
of  facility,  complexity  of  procedures,  workload,  ancillary  imaging 
apparatus  and  protective  barrier  design  are  additional  factors  that 
will  influence  the  approach  to  ALARA  at  a  particular  facility.1 

Workload  is  one  factor,  whether  expressed  in  the  classical  terms 
of  mA-min/wk  (see  NCRP  Report  No.  49,  NCRP,  1976)  or  simply  the 
number  of  radiographic  exposures  or  the  time  that  the  fluoroscopic 
beam  is  energized.  In  general,  occupational  exposures  will  be  directly 
proportional  to  any  of  these  measures  of  workload.  Workload  is  a 
more  important  consideration  during  fluoroscopy,  special  and  inter- 
ventional procedures,  because  usually  imaging  physicians  and  tech- 
nologists are  both  present  in  the  examination  room  during  beam-on 
time.  Lack  of  appropriate  training  by  medical  and  technical  staff  can 
also  lead  to  higher  workload,  resulting  in  increased  patient  exposure 
and  occupational  exposure. 


6.1.1  Radiography 

Approximately  90  percent  of  diagnostic  x-ray  examinations  are 
radiographic  in  nature  (NCRP,  1989b).  Most  are  conducted  in  hospi- 
tals with  general  purpose,  overhead  radiographic  tubes.  Approxi- 
mately 30  percent  of  such  exposures,  however,  are  conducted  outside 
of  hospitals,  and  that  percentage  appears  to  be  increasing  (NCRP, 
1989b).  The  growth  in  numbers  of  stand-alone  imaging  centers, 
emergency  clinics  and  medical  clinics  is  rapidly  changing  the  mix  of 
hospital  and  non-hospital  x-ray  examinations. 

The  complement  of  radiographic  equipment  found  in  a  hospital 
will  depend  considerably  on  the  size  and  the  nature  of  that  hospital. 
Small  community  hospitals  will  usually  contain  one  to  four  examina- 
tion rooms,  half  of  which  will  be  radiographic  only  and  the  remain- 
der, radiographic-fluoroscopic.  Approximately  70  percent  of  U.S.  hos- 
pitals have  fewer  than  200  beds  and  would  thus  be  considered  small 
community  hospitals  (AHA,  1984).  In  such  a  hospital,  the  number 
of  staff  technologists  and  imaging  physicians  will  be  small  and  the 
principal  source  of  occupational  radiation  exposure  will  be  fluoros- 
copy. 

*In  several  locations  in  this  section,  occupational  exposures  are  listed  for  specific  x- 
ray  imaging  procedures.  In  some  cases  these  exposures  reflect  the  experience  of  one 
or  a  few  institutions  and  may  not  represent  average  exposures  nationally  or  exposures 
consistent  with  ALARA  levels. 
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During  radiography  the  technologist  will  stand  in  a  control  booth 
that  is  typically  shielded  as  a  secondary  barrier  against  x-ray  tube 
head  leakage  and  scattered  radiation  from  the  patient.  Depending 
on  room  size  and  barrier  thickness,  the  dose  equivalent  to  a  technolo- 
gist in  the  control  booth  area  is  typically  less  than  1  (xSv  for  a  single 
film  taken  with  a  technique  of  80  kVp  and  40  mAs. 

Small  community  hospitals  will  also  usually  have  one  or  two 
mobile  radiographic  units  that  will  be  used  not  only  in  patient  rooms, 
but  also  in  surgery  and  in  the  emergency  room.  The  number  of  mobile 
units  increases  as  the  hospital  size  increases;  rule  of  thumb  suggests 
at  least  one  mobile  unit  for  every  100  beds.  Since  mobile  units  operate 
in  unshielded  environments  they  are  often  a  cause  for  concern.  Stud- 
ies of  scattered  radiation  from  mobile  units  indicate  that  air  kerma 
at  a  distance  of  one  meter  from  the  patient  may  range  from  0.4  to  1 
|xGy  per  film  for  a  technique  of  80  kVp  and  4  mAs  (North,  1985; 
Herman  et  al.,  1980).  Since  mobile  radiographic  equipment  is  oper- 
ated in  unshielded  environments,  and  since  it  may  not  produce  an 
image  quality  equivalent  to  that  of  fixed  equipment,  it  is  desirable 
that,  whenever  possible,  the  radiographs  should  be  produced  in  the 
radiology  department  using  permanently  installed  equipment. 
Mobile  radiographic  equipment  should  not  be  operated  by  non-radiol- 
ogy personnel. 

As  hospital  size  increases,  radiographic  equipment  becomes  more 
numerous  and  perhaps  more  specialized.  A  large  general  hospital 
will  have  a  complement  of  specialty  radiographic  equipment.  One  or 
more  rooms  may  be  devoted  to  conventional  tomography.  Occupa- 
tional exposure  per  procedure  during  a  tomographic  examination 
may  be  higher  than  in  other  radiographic  examinations  if  a  large 
number  of  views  is  obtained. 

Computed  tomography  (CT)  is  essential  to  any  large  hospital  and 
is  frequently  found  in  small  hospitals.  Although  patient  exposures 
may  be  high  in  CT,  personnel  exposure  levels  are  usually  low, 
because  the  primary  x-ray  beam  is  highly  collimated  and  scattered 
radiation  levels  are  low.  In  all  such  scanners,  leakage  radiation  has 
been  reduced  to  near  zero.  For  personnel  who  are  located  in  the 
control  room  of  a  properly  designed  facility,  computed  tomography 
does  not  represent  a  significant  source  of  occupational  exposure.  Only 
if  an  individual  is  required  to  remain  in  the  room  with  the  patient 
during  the  examination  can  a  measurable  exposure  be  expected. 
Depending  on  technique  factors,  air  kerma  levels  of  5  to  20  |xGy  per 
slice  have  been  measured  near  the  gantry  opening  (Jacobson  and 
Kelly,  1986;  Kaczmarek  et  al.,  1986).  Higher  exposure  levels  are 
associated  with  the  use  of  high  resolution  CT  which  involves  thin 
slices  at  high  x-ray  intensities. 
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In  the  past,  mammography  was  done  in  many  hospitals,  regardless 
of  size,  with  a  conventional  overhead  radiographic  tube.  However, 
recent  standards  for  mammographic  imaging  have  emphasized  the 
importance  of  dedicated  equipment  and  specialized  technique 
(NCRP,  1986).  Screen-film  mammography  should  not  be  performed 
unless  a  molybdenum  target  x-ray  tube  is  used  (NCRP,  1986).  Such 
tubes  are  now  available,  but  only  when  incorporated  into  dedicated 
equipment.  With  dedicated  equipment,  occupational  exposures  in 
mammography  are  indistinguishable  from  background,  if  appro- 
priate radiation  protection  is  used.  The  x-ray  beam  energy  is  low,  50 
kVp  or  less,  and  the  primary  beam  is,  by  design,  limited  to  the  size 
of  the  image  receptor.  The  image  receptor  holder,  in  turn,  is  backed 
by  lead.  Consequently,  the  technologist  is  exposed  only  to  secondary 
radiation  which  is  easily  controlled  by  a  window-wall  type  barrier 
equivalent  to  approximately  0.2  mm  Pb. 

Other  specialty  radiographic  equipment  may  be  found  in  the  hospi- 
tal. Orthopedic  surgery  may  have  a  dedicated  trauma  room.  The 
emergency  service  may  have  one  or  more  rooms  equipped  with  an 
overhead  radiographic  unit.  Urology  may  be  provided  with  a  cysto- 
graphy unit.  Each  of  these  x-ray  sources  can  contribute  significantly 
to  occupational  exposure  if  radiation  control  procedures  are  not  ade- 
quate. 

Radiographic  equipment  may  also  be  located  in  private  offices. 
The  term  private  office  as  used  in  this  document  relates  to  several 
different  settings.  In  addition  to  the  classical  private  physician  office, 
there  are  stand-alone  imaging  centers,  free-standing  medical  clinics 
and  free-standing  emergency  clinics.  In  a  recent  year,  approximately 
9  percent  of  medical  diagnostic  x-ray  examinations  were  conducted 
in  radiologists  offices,  4  percent  in  other  physicians  offices,  3  percent 
in  podiatrists  offices  and  5.5  percent  in  chiropractors  offices  (NCRP, 
1989b).  Occupational  exposure  from  private  office-based  radio- 
graphic procedures  should  be  similar  to  that  in  hospitals,  if  appro- 
priate radiation  protection  measures  are  observed  and  the  staff  has 
appropriate  training  in  the  operation  of  radiographic  equipment. 
Workloads  are  often  light  in  private  offices.  In  such  cases,  radio- 
graphic-only  private-office  based  personnel  monitoring  results  may 
reveal  only  minimum  detectable  values. 


6. 1 .2  Fluoroscopy 

The  use  of  fluoroscopy  for  diagnostic  imaging  represents  the 
largest  source  of  occupational  exposure  in  medicine.  During  fluoros- 
copy, the  x-ray  tube  may  be  energized  for  considerable  periods  of 
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time.  Fluoroscopic  procedures  require  that  the  operator  be  present 
in  the  examination  room  and,  when  present,  usually  in  close  proxim- 
ity to  the  radiation  source  and  the  patient.  In  fact,  the  patient 
becomes  the  most  intense  source  of  occupational  exposure  because  of 
scattered  radiation.  Without  protective  drapery,  air  kerma  rates 
near  the  patient  may  exceed  2  mGy  h'1,  depending  on  fluoroscopic 
technique  factors.  The  use  of  remote-control  fluoroscopic  equipment 
allows  the  radiologist  to  perform  examinations  with  essentially  no 
occupational  exposure.  However,  if  remote  fluoroscopic  procedures 
require  personnel  to  remain  in  the  room  while  the  beam  is  energized, 
air  kerma  levels  even  higher  than  those  of  conventional  fluoroscopy 
may  result,  due  to  the  overhead  tube  geometry  and  the  absence  of 
protective  drapes. 

A  source  of  occupational  exposure  of  frequent  concern  is  the  mobile 
C-arm  fluoroscope.  This  device  is  used  principally  in  surgery  but 
may  also  be  used  at  the  patient's  bedside.  During  its  use,  physicians 
and  operators  are  present  in  close  proximity  to  the  patient.  Radio- 
graphic views,  as  well  as  fluoroscopic  exposures,  are  involved.  All 
personnel  present  during  the  procedure  must  wear  protective  aprons. 
Unlike  conventional  fluoroscopic  procedures,  it  is  often  impossible 
to  use  protective  drapes  to  shield  personnel  from  scattered  radiation. 
Air  kerma  rates  at  the  location  of  operating  personnel  have  been 
reported  to  range  from  0.5  to  2  mGy  h1  at  a  distance  of  approximately 
50  cm  from  the  patient  using  a  technique  of  110  kVp,  2.5  mA  for 
orthopedic  procedures  (Miller  et  aL,  1983).  Exposure  levels  depend 
upon  the  location  of  the  x-ray  tube.  Geometries  with  the  x-ray  tube 
over  the  table  may  increase  personnel  exposure  by  a  factor  of  approxi- 
mately three.  Hence,  the  x-ray  tube  should  be  located  under  the 
patient  as  often  as  possible.  Adding  to  the  potential  hazard  of  such 
a  device  is  the  manner  in  which  the  primary  beam  can  be  pointed  in 
nearly  any  direction.  The  potential  for  exposure  of  personnel  to  the 
primary  beam  is  greater  here  than  with  any  other  procedure.  C- 
arm  fluoroscopy  examinations  are  normally  performed  by  physicians 
other  than  radiologists.  Consequently,  it  is  essential  that  a  trained 
radiologic  technologist  either  operate  the  unit  or  have  trained  others 
to  be  responsible  for  them  to  do  so. 


6.1.3   Special  Examinations 

The  term  "special  procedures"  as  employed  in  radiology  generally 
refers  to  angiography  and  its  application  in  neuroradiology  and  vas- 
cular radiology.  The  term  "special  examinations"  is  employed  here 
to  identify  not  only  special  procedures,  but  also  some  additional 
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imaging  procedures  such  as  cardiac  catheterization  that  constitute 
a  potential  source  of  high  occupational  exposures.  Diagnostic  ultra- 
sound, thermography  and  magnetic  resonance  imaging  are  not  con- 
sidered, because  they  do  not  contribute  to  patient  or  occupational 
ionizing  radiation  exposure. 

In  addition  to  a  general  purpose  fluoroscopic  system  that  might  be 
present  in  either  a  hospital  or  a  private  office,  fixed  fluoroscopic 
systems  for  dedicated  use  exist.  One  or  more  angiography  suites  to 
support  neurologic  and  other  vascular  needs  may  be  present  in  most 
general  hospitals.  Fluoroscopic  times  are  long,  and  accompanying 
radiographic  exposures  can  be  numerous.  Imaging  physicians  and 
technologists  are  nearly  always  present  in  the  room  and  close  to  the 
patient  during  such  examinations. 

It  is  often  difficult  to  shield  against  scattered  radiation,  and,  even 
when  able  to  be  used,  the  shield  may  not  benefit  all  of  the  staff 
present.  Staff  exposure  rates  associated  with  the  examinations  in 
such  rooms  can  be  2  mGy  h1,  or  more,  depending  on  location  and 
fluoroscopic  technique. 

For  some  procedures,  digital  subtraction  angiography  (DSA)  may 
be  used  instead  of  conventional  special  examinations  that  employ  a 
film-screen  image  receptor.  Even  though  an  image  intensifier  is  the 
image  receptor  utilized  for  DSA,  the  exposure  per  image  may  be  as 
high  as  that  of  a  film-screen  image  receptor.  Hence,  occupational 
exposures  associated  with  DSA  examinations  are  similar  to  those  of 
conventional  special  examinations. 

Cardiac  catheterization  can  result  in  elevated  personnel  monitor- 
ing results.  Like  other  vascular  procedures,  fluoroscopic  times  are 
long,  personnel  are  in  close  proximity  to  the  patient,  and  scatter 
shielding  is  difficult.  Air  kerma  rates  to  personnel  during  fluoroscopy 
are  in  the  range  of  0.5  to  2  mGy  h1.  For  gantry-mounted  fluoroscopic 
systems,  e.g.,  C-,  U-  and  LU-arm  gantry  configurations,  the  air 
kerma  rates  vary  greatly  with  gantry  orientation.  Procedures  imple- 
mented in  the  cardiac  catheterization  laboratory  involve  not  only 
radiography  and  fluoroscopy,  but  also  require  cineradiography.  Cine- 
radiography can  result  in  exceptionally  high  patient  doses  with  asso- 
ciated elevated  occupational  exposures.  During  cineradiography,  the 
table-top  air  kerma  rate  may  vary  from  0.2  to  1  Gy  min1.  Although 
a  patient  examination  may  require  only  30  to  40  seconds  of  cineradio- 
graphy time,  total  exposures  are  still  high. 

6.2  Normative  Patterns  of  Occupational  Exposure  and 
Workload,  and  Indicators  for  Suspicion  of  Non-ALARA 

Situations 

In  the  previous  section,  more  than  a  dozen  specific  sources  of  occu- 
pational exposure  in  diagnostic  x-ray  imaging  were  identified.  To 
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assess  occupational  exposures  and  their  trends  for  the  purpose  of 
maintaining  exposures  ALARA,  it  is  not  convenient  to  consider  these 
sources  separately.  Rather,  it  is  more  appropriate  to  consider  occupa- 
tional exposures  according  to  the  employment  situation  of  the  indi- 
vidual or  group.  Many  radiology  personnel  work  with  multiple  proce- 
dures involving  exposure  to  x  rays.  Therefore,  when  a  situation 
arises,  which  may  be  considered  to  be  non-ALARA,  some  guidance 
is  appropriate  as  to  which  of  the  procedures  should  be  evaluated  first. 

Many  radiologic  technologists  and  imaging  physicians  will  func- 
tion in  what  might  be  called  either  radiographic-only  or  general 
radiology  activities.  These  two  occupational  classifications  would 
hold  regardless  of  the  place  of  employment.  In  general  radiology,  the 
individual  would  very  likely  come  into  contact  with  radiography, 
fluoroscopy  and  special  examinations.  (Although  as  discussed  below, 
special  examinations  may  be  performed  only  by  a  relatively  small 
subgroup  of  individuals.)  Radiographic-only  personnel  would  be 
those  assigned  to  x-ray  examination  rooms  in  hospitals  and  in  private 
offices  housing  only  radiographic  facilities.  These  two  occupational 
categories  compose  the  bulk  of  exposed  radiologic  personnel. 

In  addition  to  these  two  principal  occupational  groups,  the  radia- 
tion safety  officer  (RSO)  may  be  faced  with  situations  involving  other 
select  and  identifiably  separate  groups.  Those  involved  in  computed 
tomography  and  mammography  (subgroups  of  radiographic-only 
personnel)  would  be  expected  to  receive  little,  if  any,  radiation  expo- 
sure. However,  persons  whose  principal  assignments  are  in  angiogra- 
phy, C-arm  fluoroscopy  or  cardiac  catheterization,  could  experience 
a  considerably  higher  than  average  occupational  exposure.  Each  of 
these  occupationally  exposed  groups  will  be  considered  separately  in 
detail. 


6.2.1    General  Radiology 

The  typical  radiologic  technologist  employed  in  general  radiology 
would  spend  most  of  the  time  in  the  radiographic  and  radiographic- 
fluoroscopic  examination  rooms.  The  workload  might  consist  of  a 
larger  amount  of  radiographic  exposures  (particularly  chest  radiog- 
raphy) and  a  lesser  amount  of  fluoroscopic  studies.  However,  on 
occasion,  if  not  frequently,  that  individual  might  be  required  to  assist 
in  any  of  the  other  areas  in  diagnostic  radiology.  In  general,  most  of 
the  reported  dose  equivalent  will  be  the  result  of  fluoroscopic  activity, 
whether  it  be  in  general  fluoroscopy  or  other  procedures  requiring 
fluoroscopy.  The  NCRP  and  EPA  have  reported  the  occupational 
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exposure  characteristics  for  hospital  based  personnel  (NCRP,  1989a; 
EPA,  1984). 

Since  the  majority  of  this  group  is  involved  in  general  radiology, 
these  figures  may  be  useful  in  approximating  the  characteristics  of 
personnel  exposure  patterns.  In  1980,  the  mean  annual  dose  equiva- 
lent to  all  hospital  based  personnel  (employees  in  all  job  categories 
potentially  exposed  to  radiation)  was  1.4  mSv.  Measurably  exposed 
hospital  based  personnel  are  a  subgroup  denned  as  those  monitored 
employees  in  all  job  categories  receiving  at  least  0.1  mSv/y.  The 
mean  annual  dose  equivalent  for  this  subgroup  was  2  mSv.  Ninety- 
five  percent  of  hospital-based  personnel  received  less  than  7.5  mSv/ 
y.  Hospital  based  personnel  received  a  collective  dose  of  172  person- 
Sv  from  all  sources  in  1980.  Johnson  and  Abernathy  (1983)  estimated 
that  there  were  151  million  hospital-based  radiographic,  fluoroscopic 
and  special  examinations  in  1980.  This  implies  that  the  average 
collective  dose  equivalent  per  procedure  in  1980  was  approximately 
1.1  person- ixSv/procedure.  If  it  is  assumed  that  fluoroscopic  and  spe- 
cial examinations,  which  constitute  only  10  percent  of  total  examina- 
tions, account  for  90  percent  of  collective  dose,  then  the  average 
collective  dose  per  fluoroscopic  or  special  procedure  is  approximately 
10  person- |xSv/procedure  while  the  average  collective  dose  per  radio- 
graphic-only  procedure  is  approximately  0.1  person-jjuSv/procedure.2 

To  illustrate  the  use  of  normative  patterns  in  setting  reference 
ranges,  consider  the  following  hypothetical  example.  The  radiology 
department  of  a  300-bed  community  hospital  contains  seven  imaging 
rooms  including  chest  radiography,  general  radiography,  radiogra- 
phy-fluoroscopy,  special  procedures  and  CT.  The  department  per- 
forms 40,000  procedures  per  year,  including  4,000  fluoroscopic  and 
special  procedures,  with  a  staff  of  35  monitored  personnel.  Technolo- 
gists are  rotated  every  three  months  through  all  areas.  A  review  of 
monitoring  records  indicates  that  23  personnel  received  some  dose; 
that  the  average  annual  dose  equivalent  of  measurably  exposed 
workers  is  about  1.9  mSv  and  that  95  percent  of  measurably  exposed 
personnel  receive  less  than  8  mSv.  A  review  of  quarterly  records 
reveals  an  average  dose  equivalent  for  measurably  exposed  workers 
of  approximately  0.5  mSv  with  95  percent  of  personnel  receiving  less 

SThese  figures  were  derived  as  follows:  Fluoroscopic  and  special  procedures  account 
for  10  percent  (15  million)  of  the  151  million  hospital-based  procedures  and  are 
assumed  to  result  in  90  percent  (155  person-Sv)  of  the  172  person-Sv  hospital-based 
collective  dose,  yielding  an  average  collective  dose  per  procedure  of  10.3  person-|xSv/ 
procedure.  Similarly,  the  90  percent  (136  million)  radiographic-only  procedures  were 
assumed  to  account  for  10  percent  (17  person-Sv)  of  hospital-based  collective  dose, 
yielding  an  average  collective  dose  per  procedure  of  0.125  person-|xSv/procedure.  The 
figures  were  then  rounded  to  0.1  \x£\  per  procedure. 
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than  2.5  mSv.  The  quarterly  records  show  a  greater  variability  of 
dose  equivalent,  due  to  the  manner  in  which  personnel  are  rotated 
through  the  various  duties.  The  collective  dose  per  quarter  is  approxi- 
mately 11  ±  2  person-mSv.  Following  the  procedures  outlined  in 
Section  4.3,  a  reasonable  choice  of  reference  ranges  would  be  an  IRR 
of  0.5  to  2.5  mSv/qtr  and  a  CRR  of  13  to  15  person-mSv/qtr.  Other 
institutions,  facing  different  individual  situations,  would  establish 
different  reference  ranges. 


6.2.2   Radiographic  Only  (Including  Mammography) 

Personnel  involved  only  in  radiographic  exposures  are  usually 
employed  in  private  offices,  medical  clinics  and  emergency  clinics. 
Less  often,  hospital  based  personnel  may  be  permanently  assigned 
to  a  radiographic  room.  In  either  case,  the  absence  of  fluoroscopic 
sources  of  radiation  results  in  lower  occupational  exposures.  The 
EPA  reported  a  mean  annual  dose  to  potentially  exposed  private 
practice  personnel  of  1  mSv  and  a  mean  annual  dose  to  exposed 
private  practice  personnel  of  1.8  mSv  (EPA,  1984).  However,  this 
group  also  included  private  practice  fluoroscopic  exposure.  Accurate 
workload  data  for  private  practice  radiographic  facilities  are  not 
readily  available.  However,  the  data  of  hospital  based  radiographic 
examinations  may  be  representative.  Hence,  as  discussed  in  Section 
6.2.1,  a  collective  dose  per  radiographic  procedure  of  approximately 
0.1  person-(xSv  might  be  expected. 

A  small,  private  practice,  radiographic-only  facility  is  likely  to 
encounter  little  measurable  exposure  if  proper  radiation  protection 
practices  are  observed.  If  a  higher  than  normal  occupational  expo- 
sure is  encountered,  a  higher  than  normal  workload  may  be  the 
cause.  Few  radiographic  rooms  located  outside  of  a  hospital  will 
experience  a  workload  in  excess  of  200  mA-min/wk.  Most  will  show 
less  than  100  mA-min/wk.  This  is  understandable  since  in  many 
such  facilities,  most  of  the  exposures  are  of  extremities  or  chest. 
These  types  of  examinations  require  very  low  air  kerma  rates. 

For  those  involved  exclusively  with  mammography,  such  as  at  the 
many  breast  cancer  detection  centers,  the  vendor  of  the  personnel 
radiation  monitoring  device  should  be  informed  that  only  low  energy 
x-radiation  is  involved.  This  will  allow  more  accurate  analysis  of  the 
personnel  monitor. 

Workloads  in  mammography  can  be  high  if  the  equipment  is  fully 
utilized.  A  normal  study  involving  two  views  of  each  breast,  a  cranio- 
caudad  and  a  medio-lateral,  will  require  approximately  100  mAs 
for  screen-film  mammography  and  300  mAs  for  xeromammography. 
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Only  breast  imaging  centers  would  be  expected  to  experience  a  full 
patient  load.  Regardless  of  the  workload,  occupational  exposures  are 
usually  nil  because  of  the  low  energy  x-ray  beam  and  the  incorpora- 
tion of  effective  shielding  against  scattered  radiation  as  an  integral 
part  of  dedicated  mammographic  imaging  equipment.  The  imaging 
physician  or  technologist  should  always  stand  behind  this  shielding 
rather  than  beside  the  patient.  Under  these  circumstances,  the  oper- 
ator will  rarely  receive  a  measurable  radiation  exposure. 

Facilities  having  a  monitoring  record  showing  other  than  mini- 
mum detectable  readings  may  determine  action  levels  in  a  manner 
analogous  to  that  discussed  under  General  Radiology.  For  facilities 
with  a  history  of  minimum  detectable  monitor  results,  the  individual 
reference  range  is  from  minimum  detectable  which  is  often  100  (xSv 
to  perhaps  500  |xSv/qtr. 

6.2.3  Computed  Tomography 

Many  institutions  have  specific  CT  personnel  who,  due  to  their 
specialized  training,  do  not  perform  general  radiologic  duties.  In 
such  circumstances,  it  may  be  necessary  to  consider  them  separately 
in  optimization  programs.  Workloads  associated  with  CT  are  very 
high.  Depending  upon  the  type  of  scanner,  the  number  of  patients 
examined  and  the  number  of  images  obtained  per  examination, 
workloads  can  range  from  5,000  to  20,000  mA-min/wk.  A  busy  CT 
facility  will  examine  three  patients  per  hour  and  average  15  to  25 
images  per  patient. 

In  spite  of  the  heavy  workload,  personnel  exposures  in  CT  are 
usually  minimal.  It  is  unusual  for  any  personnel  in  a  CT  facility  to 
receive  a  measurable  exposure.  Only  if  an  individual  is  required  to 
remain  in  the  room  during  an  examination  is  it  likely  that  an  expo- 
sure will  be  registered.  Then,  of  course,  the  individual  will  be  pro- 
vided with  protective  apparel.  In  one  report  (Jacobson  and  Kelly, 
1986),  a  maximum  dose  equivalent  outside  of  protective  apparel  of 
0.4  mSv/procedure  occurred  during  contrast  injection  for  a  whole 
body  CT  procedure.  Institutions  that  conduct  most  of  the  CT  proce- 
dures from  the  control  room  would  set  reference  ranges  similar  to 
those  of  radiographic-only  facilities.  If  frequent  in-room  procedures 
are  required,  CT  exposure  patterns  would  approach  those  of  fluoro- 
scopic facilities,  and  reference  ranges  would  be  set  accordingly. 

6.2.4  Angiography  and  Special  Procedures 

Angiographic  procedures  provide  enhanced  visualization  of  vessels 
by  injection  of  radiopaque  contrast  material  during  image  acquisi- 
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tion.  In  addition  to  the  standard  procedures  of  neuroangiography 
and  vascular  angiography,  many  interventional  procedures  such  as 
angioplasty  and  embolization  have  been  developed  in  recent  years. 
All  of  these  procedures  involve  considerable  fluoroscopy  time  and 
multiple  radiographic  images.  Consequently,  the  radiation  environ- 
ment may  include  high  air  kerma  levels. 

The  workload  in  angiography  is  usually  low  unless  it  is  a  specialty 
facility.  Normally,  not  more  than  six  or  eight  cases  can  be  done  per 
day  in  an  angiography  room.  In  many  hospitals,  the  case  load  will 
not  exceed  two  or  three  per  day.  In  a  busy  angiography  room,  weekly 
workloads  of  1,000  mA-min  and  500  mA-min  for  fluoroscopy  and 
radiography,  respectively,  will  be  exceeded  only  rarely.  Still,  person- 
nel exposures  can  be  high.  Riley  etal.  (1972)  reported  mean  exposures 
to  various  areas  of  the  body  during  angiography,  myelography  and 
bronchography.  Readings  at  the  forehead  and  collar  ranged  from  60 
to  270  |xSv  per  procedure  with  the  highest  readings  for  abdominal 
angiography  and  the  lowest  readings  for  cerebral  angiography.  In 
this  study,  approximately  90  percent  of  the  exposure  was  received 
during  the  injection  of  the  contrast  media.  Lower  values  may  be 
expected  if  remote  power  injection  is  used.  Santen  et  al.  (1975) 
reported  forehead  exposures  per  procedure  averaging  from  7  to  150 
|xSv  for  various  special  procedures  and  that  90  percent  or  more  of 
the  personnel  exposure  was  attributable  to  rapid  film  changer  (serial 
radiography)  exposures  during  and  immediately  after  manual  injec- 
tion. 

Gustafsson  and  Lunderquist  (1981)  estimated  annual  dose  equiva- 
lents to  imaging  physicians  performing  some  types  of  angiographic 
procedures  at  their  institution.  For  an  imaging  physician  performing 
25  percutaneous  transhepatic  portographies  plus  25  percutaneous 
transhepatic  cholangiographies,  an  average  and  maximum  annual 
dose  equivalent  of  4.3  and  13  mSv  were  estimated.  The  average 
collective  dose  per  procedure  was  0.09  person-mSv.  Brateman  et  al. 
(1979)  reported  individual  and  collective  dose  equivalents  from  a 
suite  performing  various  types  of  angiographies.  Before  installation 
of  a  transparent  protective  barrier,  monitor  reports  averaged  10.75 
mSv/qtr  and  the  collective  dose  per  procedure  averaged  0.27  person- 
mSv.  After  the  scatter  shielding  was  added,  monitor  reports  averaged 
3.58  mSv/qtr  and  the  collective  dose  per  procedure  was  0.1  person- 
mSv. 

National  data  are  not  available  for  comparison  since  the  EPA 
could  not  determine  job  specialization  from  film-badge  records.  How- 
ever, the  value  of  10  person- (xSv/procedure  indirectly  derived  from 
EPA  data  (Section  6.2.1)  for  all  types  of  fluoroscopic  procedures  is  at 
the  lower  end  of  the  anecdotal  data  summarized  above. 
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Small  institutions  typically  will  not  assign  personnel  to  only  angi- 
ography/special  procedures.  Reference  ranges  for  the  institutions 
would  be  developed  as  part  of  the  general  radiology  ALAR  A  program. 
Larger  institutions  may  have  the  workload  and  staffing  patterns 
to  justify  separate  action  levels  for  individuals  assigned  to  these 
procedures.  As  a  hypothetical  example,  a  large  hospital  may  have 
two  rooms  dedicated  to  angiography/special  procedures;  one  a  gan- 
try-mounted polydirectional  imaging  system  and  the  other  a  conven- 
tional tube-under  fluoroscopic  system.  The  total  staff  for  both  rooms 
might  be  four  radiologic  technologists,  two  imaging  physicians  and 
one  nurse.  If  the  two  rooms  perform  an  average  of  1,500  procedures 
per  year,  the  average  annual  dose  equivalent  might  be  expected  to 
range  from  15  to  20  mSv,  and  a  quarterly  reference  range  of  4.5  to 
13  mSv/qtr  may  be  expected.  All  of  these  values  refer  to  a  film  badge 
worn  outside  protective  apparel  in  the  region  of  the  collar  and  should 
not  be  interpreted  to  be  the  actual  effective  whole  body  dose  equiva- 
lent received  by  personnel. 


6.2.5   Mobile  C-Arm  Fluoroscopy 

Many  operative  procedures  require  the  assistance  of  a  mobile  C- 
arm  fluoroscopic  unit.  Fracture  reduction,  prosthesis  placement,  hip 
pinning,  and  implantation  of  temporary  pacemakers  are  a  few  of  the 
more  frequent  applications  of  the  mobile  C-arm  fluoroscope.  Air 
kerma  rates  around  a  mobile  C-arm  fluoroscope  may  be  somewhat 
lower  than  those  around  a  conventional  fluoroscope,  because  smaller 
fields  are  employed.  However,  lack  of  shielding  often  negates  this 
advantage.  A  change  in  beam  orientation  greatly  alters  personnel 
exposures  due  to  a  change  in  scatter  geometry  and  shielding  provided 
by  the  patient  and  operating  table.  Exposures  to  operating  room 
personnel  are  increased  when  the  fluoroscopic  beam  is  directed  side- 
ways or  down.  Lowest  occupational  exposures  are  experienced  when 
the  beam  is  directed  up.  Exposures  to  both  patient  and  staff  can  be 
reduced  by  use  of  electronic  image  storage  devices,  if  beam-on  time 
is  reduced  because  the  devices  are  used. 

Reports  of  dose-equivalent  levels  associated  with  various  C-arm 
procedures  have  appeared  in  the  literature.  Miller  et  al.  (1983) 
reported  dose  equivalent  from  various  orthopedic  procedures.  Fore- 
head and  thyroid  dose  equivalents  ranged  from  10  |xSv  to  1.44  mSv 
while  fluoroscopic  beam  time  ranged  from  0.2  to  23  minutes.  The 
forehead  and  thyroid  dose  equivalent  averaged  approximately  50 
jjiSv  per  minute  of  fluoroscopic  "on"  time.  Bush  et  al.  (1984)  and  Bush 
et  al.  (1985)  measured  dose  equivalent  levels  associated  with  C-arm 
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assisted  renal  calculus  removal.  The  average  dose  equivalent  per 
procedure  at  the  collar  level  was  100  (xSv  to  the  physician,  40  |±Sv 
to  the  surgical  nurse,  40  (xSv  to  the  radiologic  technologist  and  30 
(jlSv  to  the  anesthesiologist,  for  an  average  fluoroscopy  time  of  25 
minutes.  These  are  anecdotal  reports  and  should  not  necessarily  be 
considered  typical  or  acceptable  at  all  institutions. 

Physicians  who  employ  the  C-arm  fluoroscope  are  not  usually 
radiologists  and  may  have  little  or  no  training  in  radiation  control. 
Consequently,  it  is  essential  that  the  C-arm  fluoroscope  be  under  the 
control  of  someone  having  adequate  training  in  radiation  control 
such  as  a  registered  radiologic  technologist.  Because  high  air  kerma 
rates  are  possible,  it  is  desirable  to  monitor  personnel  exposure  indi- 
vidually. When  personnel  are  not  individually  monitored  (i.e.,  an 
orthopedic  surgeon  who  performs  only  a  few  procedures  per  year  at 
a  particular  hospital),  means  should  be  provided  for  approximating 
individual  exposure.  An  effective  tool  for  radiation  control  is  to 
instruct  the  technologist  to  maintain  a  record  of  all  procedures  invol- 
ving the  C-arm  fluoroscope.  The  record  should  include  the  following 
information:  date,  patient  name,  physician  name,  type  of  study,  fluo- 
roscopic beam-on  time  and  number  of  radiographs.  In  addition  to 
assuring  some  recognition  of  radiation  safety  by  the  physician,  these 
data  may  be  helpful  in  subsequent  estimation  of  patient  and  unmoni- 
tored  personnel  dose. 

Because  physicians  and  technologists  may  not  participate  equally 
in  all  procedures,  separate  reference  ranges  may  be  appropriate  for 
each.  Use  of  the  C-arm  fluoroscope  may  be  shared  among  many 
physicians,  but  the  same  technologist  may  operate  the  equipment 
for  all  procedures.  In  departments  that  do  not  rotate  staff,  the  tech- 
nologist assigned  to  C-arm  work  may  be  assigned  reference  ranges 
similar  to  those  used  in  the  angiography  special  procedures  grouping 
since  dose  equivalent  levels  and  procedure  volume  may  be  nearly  the 
same.  Institutions  may  wish  to  consider  separate  reference  ranges  for 
physicians  since,  on  an  individual  basis,  they  may  perform  fewer 
procedures  than  the  technologist.  However,  physicians  may  receive 
a  higher  dose  per  procedure  than  technologists  due  to  their  closer 
proximity  to  the  patient. 


6.2.6   Cardiac  Catheterization 

This  area  of  radiologic  imaging  has  the  potential  for  producing 
relatively  high  occupational  exposures.  Although  the  examination 
room  is  called  the  cardiac  catheterization  laboratory,  other  proce- 
dures, such  as  pacemaker  implantation,  percutaneous  transluminal 
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coronary  angioplasty  (PCTA)  and  patent  ductus  arteriosis  repair 
with  pediatric  cases,  are  conducted  there.  The  use  of  cinefluorogra- 
phy  during  cardiac  catheterization  results  in  higher  personnel  expo- 
sure. A  normal  cardiac  catheterization  will  proceed  under  fluoro- 
scopic control  with  the  patient  positioned  on  the  table.  A  few  over- 
head preliminary  radiographs  may  be  necessary.  The  procedure  will 
conclude  with  one  or  more  cinefluorographic  runs  at  as  much  as  0.9 
Gy  min1.  When  multiple  views  are  obtained,  the  total  cinefluoro- 
graphic run  time  may  be  from  30  to  50  seconds.  At  that  level,  the  air 
kerma  to  those  attending  the  patient  may  be  as  much  as  0.9  mGy 
min1,  if  the  rule  of  thumb  applies  that  the  radiation  intensity  one 
meter  lateral  to  the  patient  is  0.1  percent  of  the  entrance  beam.  It 
would  not  take  many  such  procedures  to  result  in  a  dose  equivalent 
to  the  operator  of  several  millisieverts. 

Personnel  exposure  during  cardiac  catheterization  procedures  has 
been  reported  by  several  authors  (Baiter  et  al.,  1978;  Gustafsson 
and  Lunderquist,  1981;  Gertz  et  al.,  1982;  Dash  and  Leaman,  1984; 
Brahmavar  et  al.,  1984;  Jeans  et  al.,  1985).  Baiter  et  al,  (1978) 
reported  on  the  results  of  700  coronary  angiograms  utilizing  U- 
arm  systems.  Nineteen  sites  were  monitored  on  each  operator.  The 
average  dose  equivalent  per  study  was  0.06  mSv  for  the  eyes  and 
0.083  mSv  for  the  thyroid  when  those  organs  were  shielded  by  special 
glasses  or  leaded  apparel.  In  one  study  Gustafsson  and  Lunderquist, 
1981),  it  was  estimated  that  a  physician  performing  120  cardiac 
angiographies  per  year  would  receive  approximately  27  mSv  to  the 
neck  and  forehead.  Jeans  et  al.  (1985)  estimated  the  annual  dose 
equivalent  to  the  eyes  of  cardiologists  performing  250  cardiac  cathe- 
terizations, 2  angioplasties  and  30  pacemaker  implants  per  year  to 
be  approximately  43  mSv.  However,  the  recorded  dose  equivalent  of 
the  cardiologist  during  cineradiography  can  vary  dramatically  with 
location.  See  Table  6.2  for  an  appreciation  of  the  effect  of  distance 
on  the  dose  equivalent  received  by  staff  during  cardiac  procedures 
(e.g.,  cardiologist  standing  at  the  side  of  the  x-ray  table  vs  standing 
at  the  foot  of  the  table)  and  of  shielding  (e.g.,  with  or  without  lead 
apron).  Dash  and  Leaman  (1984)  reported  that  the  dose  equivalent 
to  the  operator  during  percutaneous  transluminal  coronary  angi- 
oplasty was  93  percent  greater  than  from  routine  coronary  angiogra- 
phy (0.17  mSv/study  vs  0.09  mSv/study). 

Various  studies  report  the  dose  equivalent  received  per  cardiac 
procedure.  Values  ranged  from  0.08  to  0.5  mSv/procedure  to  the  head 
and  eyes,  0.1  to  2  mSv/procedure  to  the  hands  and  several  mSv/ 
procedure  at  the  level  of  the  chest  outside  of  the  apron.  The  dose 
equivalent  per  procedure  at  any  particular  institution  depends 
greatly  on  the  types  of  medical  procedures  and  patient  characteris- 
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tics,  the  type  of  radiation  safety  procedures  and  how  well  they  are 
carried  out,  and  the  training  and  experience  of  the  personnel 
involved.  Representative  data  for  dose  equivalent  per  procedure  from 
one  institution  are  shown  in  Table  6.2.  This  information  is  repro- 
duced here  to  illustrate  the  type  of  information  that  is  useful  in 
implementing  an  ALARA  program  and  should  not  be  interpreted  as 
limits  or  goals  for  any  institution. 

To  illustrate  the  use  of  reference  ranges  in  a  cardiac  catheteriza- 
tion laboratory  ALARA  program,  consider  the  following  hypothetical 
example.  A  busy  cardiac  facility  performs  approximately  1,000  car- 
diac catheterizations,  200  pacemaker  implants  and  40  angioplasties 
per  year  in  a  facility  having  two  cardiac  imaging  suites  staffed 
by  five  cardiologists,  five  radiologic  technologists  and  four  nurses. 
Radiation  monitors  are  routinely  worn  on  the  collar  outside  of  protec- 
tive apparel  and,  therefore,  reference  ranges  are  set  on  the  basis  of 
these  readings  rather  than  on  the  basis  of  under-apron  monitors 
or  a  calculated  whole  body  effective  dose  equivalent.  A  review  of 
monitoring  records  reveals  yearly  average  dose  equivalents  of  26 
mSv;  all  staff  are  measurably  exposed  with  cardiologists  and  nurses 
typically  receiving  higher  doses  and  technologists  receiving  lower 
doses.  The  annual  collective  dose  equivalent  is  370  person-mSv. 
From  a  review  of  quarterly  monitoring  reports,  it  was  noted  that  the 
average  quarterly  dose  equivalent  was  6.5  mSv  and  that  95  percent 
of  personnel  received  less  than  16  mSv.  The  quarterly  collective  dose 
equivalent  was  93  ±  12  person-mSv  with  the  fluctuation  being  due 
primarily  to  workload.  Following  the  procedures  outlined  in  Section 
4.3,  the  individual  reference  range  (IRR)  was  set  from  6.5  to  16  mSv/ 
qtr  and  the  collective  reference  range  (CRR)  was  set  from  105  to 
117  person-mSv/qtr.  Other  institutions  with  different  equipment, 
workload  and  staffing  might  set  different  action  levels. 


6.3   Hypothetical  Examples  of  Optimization  Decisions  in 
Implementing  ALARA 

6.3.1   Elevated  Exposures  in  a  Cardiac  Catheterization  Laboratory 

A  large  general  hospital  which  served  also  as  a  teaching  institution 
housed  a  particularly  active  cardiology  service.  There  were  three 
cardiac  catheterization  laboratories,  each  containing  a  normal  com- 
plement of  equipment.  The  workload  in  these  laboratories  averaged 
approximately  five  cases  each  day  in  each  laboratory,  for  a  total  of 
3,800  procedures  per  year,  and  greater  than  90  percent  of  the  patients 
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were  adults.  The  personnel  complement  included  twelve  staff  cardiol- 
ogists and  four  resident  cardiologists.  The  technical  staff  numbered 
thirty-four  and  almost  all  cases  were  supported  by  anesthesiologists 
or  nurse  anesthetists. 

Each  member  of  the  cardiac  catheterization  team  was  monitored 
for  radiation  exposure.  All  personnel  who  remained  in  the  room 
during  procedures  producing  exposure  received  protective  aprons  of 
0.5  mm  lead  equivalent.  Frequently,  an  assistant  would  be  positioned 
facing  away  from  the  x-ray  examination  table.  In  such  cases,  either 
the  apron  was  worn  backwards  or  a  wraparound  apron  was  provided. 

In  setting  up  the  ALARA  program,  it  was  decided  to  have  the 
radiation  monitoring  service  print  the  monitoring  records  of  cardiol- 
ogy separately  from  the  rest  of  monitored  employees  so  that  any 
trends  in  exposure  patterns  would  be  more  readily  apparent.  From 
a  review  of  quarterly  reports,  the  individual  reference  range  was  set 
at  5.5  to  12.5  mSv  while  the  collective  reference  range  was  set  at  220 
to  240  person-mSv.  Typical  results  from  quarterly  reviews  showed 
that  imaging  physician  dose  equivalents  fell  within  the  IRR,  while 
technologist  dose  equivalents  fell  near  or  below  the  IRR.  This  pattern 
was  consistent  with  the  known  characteristics  of  catheterization 
laboratories,  in  which  imaging  physicians  account  for  the  largest 
fraction  of  dose  equivalent. 

Upon  review  of  quarterly  collective  dose  and  procedure  volume 
data,  it  became  apparent  that  the  collective  dose  over  the  past  several 
review  periods  was  increasing  towards  the  upper  limit  of  the  CRR 
even  though  no  individuals  exceeded  the  IRR  and  the  workload  was 
roughly  constant.  Hence,  a  trend  was  identified  and  an  investigation 
initiated.  A  more  detailed  review  of  monitor  records  revealed  that 
the  bulk  of  the  increase  was  due  to  the  exposure  of  residents  and 
cardiologists.  To  identify  the  source  of  the  increase  the  annual  radia- 
tion control  records  as  well  as  calibration  and  quality  assurance 
records  of  each  room  were  reviewed.  No  equipment-related  sources 
of  increased  exposure  were  identified.  Protective  equipment  such  as 
ceiling  suspended  scatter  shields  were  in  place  and  being  utilized. 

The  next  approach  proposed  by  the  Radiation  Safety  Office  (RSO) 
was  to  obtain  some  direct  reading  pencil  dosimeters.  These  were 
issued  to  residents  and  cardiologists  on  those  days  that  they  were  in 
the  catheterization  laboratory.  The  routine  for  this  service  was  for 
the  staff  cardiologists  to  perform  procedures  in  the  imaging  labora- 
tory on  alternate  days  so  that  the  use  of  the  pencil  dosimeters  had 
to  be  followed  carefully  to  avoid  use  of  the  dosimeters  by  the  wrong 
personnel. 

The  results  of  this  monitoring  were  unremarkable.  The  pencil 
readings  verified  the  level  of  exposure  reported  on  the  monthly  moni- 
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tors.  There  were  no  obvious  or  significant  differences  among  either 
the  three  rooms  or  the  sixteen  cardiologists,  although  exposures  of 
residents  were  somewhat  higher  than  those  of  staff. 

Next,  the  RSO  devoted  one  entire  week  to  monitoring  each  individ- 
ual procedure  by  component — radiographic,  fluoroscopic  and  cine.  A 
single  dosimeter  was  used  for  each  of  the  components.  It  was  quickly 
apparent  that  the  component  exposure  for  a  single  procedure  was 
too  low  to  be  assessed  accurately.  Therefore,  individual  dosimeters 
were  passed  along  from  cardiologist  to  cardiologist  during  the  day 
for  each  component  of  a  procedure  in  a  given  room.  The  data  clearly 
showed  that  although  the  cine  portion  of  the  examination  occupied 
the  least  time  during  a  0.5  to  2.0  hour  procedure,  it  accounted  for 
approximately  75  percent  of  the  cardiologists'  exposure.  This  result 
was  consistent  with  published  reports.  The  data  also  showed  that 
the  average  dose  equivalent  per  procedure  was  approximately  0.3 
mSv  rather  than  an  average  of  0.2  mSv  which  had  been  achieved  in 
past  years. 

The  net  result  of  the  investigation  was  to  focus  on  procedures 
and  training  as  the  best  possible  response,  since  all  equipment  and 
shielding  were  operating  and  utilized  properly.  Hence,  a  staff  meet- 
ing was  called  to  discuss  the  results  of  the  investigation  and  explore 
possible  actions.  To  reinforce  awareness  of  radiation  safety,  the  char- 
acteristics of  radiation  sources  and  levels  in  the  catheterization  labs 
were  presented  and  the  staff  invited  to  suggest  possible  ways  of 
reducing  exposure. 

The  staff  acknowledged  that  there  might  have  been  a  tendency  to 
perform  longer  cine  runs  with  more  being  conducted  at  60  frames 
per  second  (fps)  rather  than  at  30  fps.  The  consensus  was  that  a 
concerted  effort  to  use  the  shortest  cine  time  and  lowest  frame  rate 
consistent  with  good  patient  care  was  appropriate.  Inasmuch  as  the 
reported  occupational  exposures  were  not  alarmingly  high,  restric- 
tions on  technique  were  rejected.  The  importance  of  maximizing 
distance  from  the  patient  during  cineradiography  was  also  reiter- 
ated. To  foster  awareness  of  exposure  levels,  it  was  also  decided  to 
post  monitoring  reports,  grouped  according  to  cardiologists,  resi- 
dents, technologists  and  other.  All  of  these  actions  incurred  no  costs, 
hence,  dose  reductions  would  certainly  be  cost-beneficial. 

The  result  of  this  approach  to  a  rather  nebulous  problem  was  the 
reversal  of  a  trend.  During  the  next  several  quarterly  review  periods, 
a  slow  but  steady  decline  in  collective  dose  equivalent  and  average 
dose  equivalent  was  noted.  This  exercise  in  implementing  ALARA 
did  not  hinge  on  an  abrupt  finding  or  an  abrupt  solution.  Rather,  the 
reduction  in  occupational  exposure  resulted  from  a  rededication  to 
concerted  radiation  control. 


60      /      6.   ALARA  IN  DIAGNOSTIC  X-RAY  IMAGING 
6.3.2   Radiation  Monitoring  of  Operating  Room  Nurses 

The  Director  of  Radiology  in  a  150-bed  suburban  hospital  received 
a  request  from  the  nursing  supervisor  to  provide  radiation  monitors 
for  all  nurses  who  assisted  in  the  operating  room  during  procedures 
involving  a  newly  acquired  mobile  C-arm  fluoroscope.  Two  orthope- 
dic surgeons  had  recently  joined  the  existing  staff  of  three  already 
practicing  at  the  hospital  and  after  the  arrival  of  the  mobile  C-arm 
fluoroscope,  they  instituted  several  new  procedures.  The  nursing 
staff  responded  by  expressing  considerable  concern  for  their  radia- 
tion safety. 

Being  unfamiliar  with  what  air  kerma  levels  to  expect,  and  unwill- 
ing to  incur  the  expense  and  administrative  overhead  of  monitoring 
all  operating  room  personnel,  the  director  reviewed  the  literature 
and  consulted  with  a  neighboring  hospital  that  had  been  performing 
mobile  C-arm  orthopedic  procedures  for  several  years.  Based  upon 
this  information,  and  projecting  a  workload  of  approximately  300 
procedures  per  year,  it  was  anticipated  that  the  two  technologists 
operating  the  mobile  C-arm  fluoroscope  might  receive  dose  equiva- 
lents ranging  from  2  to  5  mSv/y  while  physician  dose  equivalents 
might  range  from  1  to  6  mSv/y. 

In  view  of  these  projected  occupational  exposures  to  orthopedic 
surgeons  and  technologists,  it  was  deemed  reasonable  to  provide 
radiation  monitors  for  nursing  personnel  on  a  trial  basis,  while  at 
the  same  time  evaluating  whether  this  would  be  necessary  on  a 
long-term  basis.  Thirty-two  nurses  were  provided  with  radiation 
monitors.  To  help  evaluate  and  interpret  the  results,  a  record  book 
was  also  initiated  in  which  date,  patient  name,  physician  name, 
procedure  type,  fluoroscopic  time  and  number  of  radiographs  were 
recorded. 

After  the  first  three  months  of  this  program,  it  became  apparent 
that  the  C-arm  was  being  used  most  frequently  for  restructuring  the 
hip.  An  evaluation  of  its  use  showed  that  an  average  of  six  procedures 
were  conducted  each  week  and  about  half  of  these  involved  the  hip. 
The  remainder  of  the  workload  was  split  among  catheter  insertions, 
pacemaker  insertions  and  closed  reductions.  At  the  end  of  the  initial 
six  month  monitoring  period,  90  percent  of  the  monitors  assigned  to 
nurses  indicated  no  measurable  occupational  dose  equivalent;  the 
remaining  10  percent  never  exceeded  2.5  (xSv  in  any  one  month, 
and  the  largest  quarterly  total  was  0.5  mSv.  The  five  radiologic 
technologists  assigned  to  this  service  had  dose  equivalents  ranging 
from  1.5  to  7  mSv.  These  reported  dose  equivalents  resulted  from 
monitors  worn  at  the  collar  level  above  the  protective  apron.  They 
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also  reflected  the  technologists'  exposure  from  other  departmental 
activities. 

The  cost  of  providing  monthly  radiation  monitors  to  32  nurses  for 
one  year  was  estimated  to  be  $500,  while  the  total  collective  dose 
monitored  was  estimated  to  be  less  than  4  person-mSv.  Even  if 
nursing  exposure  were  reduced  to  zero,  the  cost  of  demonstrating 
this  through  monthly  monitoring  would  be  greater  than  $125,000/ 
person-Sv  ($500  per  year  divided  by  0.004  person-Sv).  The  choice  was 
whether  to  monitor  nurses  on  a  less  frequent  basis  (i.e.,  quarterly)  or 
not  at  all.  In  this  case,  it  was  decided  not  to  monitor  nurses,  but 
to  provide  the  nursing  supervisor  with  the  monitor  reports  of  the 
technologists  and  orthopedic  surgeons  so  that  all  would  be  satisfied 
that  the  radiation  environment  had  not  changed  from  that  found  at 
the  time  of  the  study. 

An  ancillary,  and  perhaps  more  useful,  finding  of  this  study  was 
the  wide  range  of  techniques  employed  by  the  various  orthopedic 
surgeons.  For  instance,  the  range  of  exposures  required  for  a  hip 
pinning  varied  from  two  minutes  to  27  minutes  of  fluoroscopy  time. 
What  became  particularly  apparent  was  that  two  out  of  eight  ortho- 
pedic surgeons  accounted  for  60  percent  of  the  beam-on  workload. 
For  example,  during  emplacement  of  a  hip  prosthesis,  they  averaged 
11.6  minutes  of  fluoroscopy  time  compared  to  4.2  minutes  for  the 
others.  It  appeared  that  some  were  not  taking  full  advantage  of  the 
image-store  capabilities  of  the  equipment. 

This  disparity  was  brought  to  the  attention  of  all  five  of  the  ortho- 
pedic surgeons  by  way  of  a  memorandum  which  listed  the  workload 
for  each  type  of  procedure  and  for  each  surgeon  during  the  six  month 
monitoring  period.  In  this  way,  it  was  apparent  to  all  that  there  were 
two  surgeons  responsible  for  the  bulk  of  the  exposure.  Once  this 
situation  was  publicized,  all  physicians,  not  just  the  two  surgeons 
reduced  their  x-ray  workload  per  procedure.  Already  low  occupa- 
tional exposures  were  reduced  further. 


6.3.3    Occupational  Exposures  During  Computed  Tomography 

A  separate  imaging  center  was  staffed  by  two  radiologists  and 
twelve  technologists.  This  center  contained  all  of  the  available 
imaging  modalities.  It  included  a  radiographic-fluoroscopic  room,  a 
radiographic-tomographic  room,  and  equipment  for  mammography, 
ultrasound,  nuclear  medicine,  computed  tomography  and  magnetic 
resonance  imaging.  The  center  operated  five  days  a  week,  ten  hours 
each  day  with  moderate  patient  loads.  The  technologists  at  this 
imaging  center  were  compartmentalized;  that  is,  they  serviced  the 
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same  area  each  day  with  very  little  switching  or  substituting.  The 
technologists  assigned  to  computed  tomography  showed  sporadic 
exposures  ranging  from  minimal  to  0.5  mSv  per  month.  There  were 
four  technologists  operating  two  CT  scanners  and  their  reported 
dose  equivalents  for  the  previous  year  were  1.2,  1.8,  2.6  and  2  mSv 
resulting  in  a  collective  dose  equivalent  of  7.6  person-mSv.  The 
quarterly  mean  dose  equivalent  was  approximately  0.5  mSv.  Due  to 
the  few  data,  meaningful  dose  equivalent  distributions  could  not  be 
constructed  so  the  lower  and  upper  bounds  of  the  IRR  were  set  at  the 
quarterly  average  and  3  times  the  quarterly  average  dose  equivalent 
as  discussed  in  Section  4.3.  Similarly,  there  were  insufficient  data 
to  calculate  the  normal  fluctuation  in  collective  dose  equivalent. 
However,  a  20  percent  quarterly  fluctuation  was  assumed  to  be  rea- 
sonable. Thus,  the  quarterly  IRR  was  set  to  0.5  to  1.5  mSv  and  the 
quarterly  CRR  at  2.3  to  2.7  person-mSv. 

A  review  of  monitoring  records  showed  that  one  technologist 
received  a  quarterly  total  of  1.8  mSv  thus  triggering  an  automatic 
investigation.  It  was  unclear  whether  these  occupational  exposures 
were  being  received  while  operating  the  scanners  or  attending  the 
patients  during  examinations.  Interviews  conducted  with  the  tech- 
nologists revealed  that  elevated  film  badge  readings  correlated  with 
months  in  which  they  imaged  patients  that  required  a  technologist 
to  remain  in  the  CT  room  during  the  scan.  During  such  procedures, 
a  protective  apron  was  worn.  However,  at  this  imaging  center,  stan- 
dard procedure  was  to  position  the  radiation  monitor  at  collar  level 
above  the  protective  apron.  Therefore,  it  was  suspected  that  most  of 
the  reported  occupational  exposures  might  be  due  to  this  in-room 
activity. 

To  confirm  the  situation,  a  number  of  area  radiation  monitors  were 
obtained  from  the  radiation  monitor  vendor.  Several  were  placed 
inside  the  room  at  waist  level  on  the  walls.  Where  possible,  a  compan- 
ion monitor  was  positioned  on  the  outside  of  the  barrier.  Others  were 
placed  at  the  control  booth  barrier,  on  the  wall,  on  the  view  window 
and  at  the  operating  console.  A  six-month  sampling  of  these  data 
resulted  in  the  values  given  in  Table  6.3. 

Table  6.3 — Example  of  area  monitoring  results  for  computed  tomography  rooms 


(average  monthly  dose  equivalent). 


Room  1 

Room  2 

Inside 

Outside 

Inside 

Outside 

(mSv) 

(mSv) 

(mSv) 

(mSv) 

Wall  A 

0.42 

<0.1 

3.26 

1.82 

WallB 

2.58 

1.25 

1.44 

0.55 

WallC 

1.12 

0.45 

0.38 

0.18 

Control  booth  barrier 

0.68 

0.28 

1.10 

0.40 

Technologist  barrier 

0.12 

0.16 
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It  was  clear  from  these  data  that  the  walls  were  not  lead-lined  and 
the  view  window  was  not  leaded  glass.  The  data,  however,  indicated 
that  the  barriers  as  constructed  were  adequate.  The  exposures 
recorded  in  the  control  booth  area  and  at  the  technologists'  position 
were  much  too  low  to  account  for  the  higher  than  expected  occupa- 
tional exposures  reported. 

Options  considered  in  response  to  the  situation  were  "take  no 
action"  and  "modify  shielding."  It  was  impossible  to  modify  the 
imaging  procedures  since  some  patients  would  always  require  in- 
room  personnel.  Because  the  dose  equivalents  were  received  by  the 
eye  and  thyroid,  it  was  possible  to  provide  lead  thyroid  collars  and 
face  shields  at  a  cost  of  approximately  $400.  This  was  not  given  full 
consideration  because  the  technologists  said  they  likely  would  not 
wear  them  and  expressed  concern  that  the  patients  might  find  such 
shields  to  be  disturbing.  A  mobile  barrier  with  a  clear  leaded  plastic 
viewing  window  was  available  at  a  cost  of  $800.  If  able  to  be  used  on 
70  percent  of  in-room  cases,  the  shield  was  estimated  to  result  in  a 
collective-dose  reduction  of  5  person-mSv  to  the  head  and  neck 
region.  The  effective  whole  body  collective-dose  reduction  may  be  20 
percent  of  this,  depending  upon  organ  weighting  factors  and  the 
transmission  coefficient  of  the  lead  apron.  Over  a  ten-year  lifetime, 
the  cost  per  person-Sv  was  thus  estimated  to  be  between  $6,000  and 
$30,000.  This  figure  was  judged  cost  effective  and  the  shield  was 
purchased. 
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Implementation  of 
ALARA  in  Nuclear 
Medicine 


7.1    Sources  of  External  Occupational  Exposure  in 
Nuclear  Medicine 

An  understanding  of  how  radiation  exposure  occurs  is  basic  to  the 
success  of  efforts  to  optimize  radiation  protection.  Nuclear  medicine 
personnel  are  exposed  to  ionizing  radiation  primarily  during  radio- 
pharmaceutical preparation  and  assay,  radiopharmaceutical  admin- 
istration, and  imaging  procedures.  Each  procedure  poses  unique 
radiation  safety  issues. 

7.1.1   Radiopharmaceutical  Preparation  and  Assay 

The  use  of  radionuclide  generators,  particularly  the  prevalent 
molybdenum-99-technetium-99m  generator,  results  in  the  handling 
of  tens  of  GBq  of  radioactive  material  during  elution  of  the  generator. 
The  magnitude  of  the  resulting  exposure  depends  upon  the  proce- 
dures and  precautions  followed.  Barrall  and  Smith  (1976)  studied 
the  exposure  patterns  to  personnel  when  performing  some  common 
clinical  nuclear  medicine  procedures.3  Their  results  are  shown  in 
Table  7.1.  The  data  are  for  procedures  of  average  difficulty  in  typical 
patients.  Syringe  shields  were  used  when  performing  injections. 
Exposure  to  personnel  occurs  primarily  because  of  their  close  proxim- 
ity to  the  patient,  for  example  while  positioning  the  patient  and 
camera  to  obtain  a  series  of  views  to  cover  the  area  of  interest.  In 
the  last  column  of  Table  7.1  is  listed  the  percentage  of  the  total 
exposure  resulting  from  the  imaging  process  itself.  For  the  institu- 
tions in  this  study,  radiopharmaceutical  preparation  and  assay  usu- 

3In  several  locations  in  this  section,  occupational  exposures  are  listed  for  specific 
nuclear  medicine  procedures.  In  some  cases  these  exposures  reflect  the  experience  of 
one  or  a  few  institutions  and  may  not  represent  average  exposures  nationally  or 
exposures  consistent  with  ALARA  levels. 
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ally  contribute  a  smaller  fraction  of  the  exposure  from  the  entire 
procedure,  with  imaging  contributing  the  major  fraction.  The  excep- 
tion to  this  rule  is  cerebral  blood  flow  studies,  because  the  imaging 
time  for  these  procedures  is  usually  quite  short.  The  data  of  Table 
7.1  may  not  be  universally  applicable.  For  instance,  Ahluwalia  et  al. 
(1981)  reported  a  significant  reduction  in  personnel  exposure  when 
unit  dose  radiopharmaceuticals  were  prepared  by  a  centralized  radio- 
pharmacy.  This  seems  to  indicate  that  preparation  and  assay  had 
contributed  a  larger  fraction  of  personnel  exposure  than  might  be 
expected  from  Table  7.1. 

A  report  by  Iyer  and  Dhond  (1980)  revealed  a  general  trend  toward 
increased  exposure  of  personnel  working  with  generator-produced 
radionuclides  as  compared  with  exposure  of  personnel  not  working 
with  generators.  In  a  more  recent  survey  of  several  hospitals  of 
various  sizes  in  a  metropolitan  area,  a  savings  in  personnel  exposure 
resulted  with  a  switch  from  individual  generators  to  a  centralized 
radiopharmacy.  Dose  equivalents  to  the  whole  body  averaged  1.95 
mSv  per  1000  procedures  for  the  radiopharmacy  use  versus  3.42  mSv 
per  1000  procedures  for  generator  use.  Extremity  dose  equivalents 
averaged  8.28  mSv  per  1000  procedures  for  the  radiopharmacy  use 
versus  18.5  mSv  per  1000  procedures  for  generator  use.4 

7.1.2   Radiopharmaceutical  Administration 

The  handling  of  radiopharmaceuticals  can  cause  high  exposure 
rates,  particularly  to  extremities.  With  an  unshielded  syringe, 
extremity  air  kerma  rates  of  6  mGy/h-MBq  to  the  tip  of  the  second 
finger  and  10  mGy/h-MBq  to  the  index  finger  have  been  measured 
(Barrall  and  Smith,  1976).  The  bulkiness  and  added  weight  of  the 
syringe  shield  makes  injection  of  radiopharmaceuticals  more  diffi- 
cult. However,  a  survey  of  physicians  and  technologists  showed 
essentially  no  difference  in  the  time  needed  for  injection,  with  or 
without  a  syringe  shield  (Branson  et  al.,  1976).  The  same  report  notes 
that  exposure  to  the  users'  hands  while  preparing  radiopharmaceuti- 
cals can  be  reduced  by  as  much  as  50  percent  by  the  use  of  syringe 
shields;  the  maximum  reduction  to  the  hands  of  a  person  administer- 
ing activity  to  a  patient  can  be  as  high  as  80  to  90  percent.  The  use 
of  syringe  shields  has  been  demonstrated  to  reduce  exposure  levels 
by  a  factor  of  three  or  more  (Branson  et  al.,  1977).  The  data  of  Table 
7.1  indicate  that  injection  using  syringe  shields  may  contribute  from 

4Personal  communication  from  James  G.  Kereiakes,  Professor  of  Radiology,  Univer- 
sity of  Cincinnati. 
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2  percent  (in  the  case  of  a  bone  scan)  to  25  percent  (for  myocardial 
imaging)  of  the  occupational  dose  equivalent  from  a  procedure. 


7.1.3  Imaging 

The  patient  is  a  source  of  radiation;  hence,  the  imaging  time  and 
distance  from  the  patient  are  important  determinants  of  personnel 
exposure.  The  use  of  short-lived  radionuclides  presents  a  reduced 
hazard  to  the  patient,  but,  because  of  higher  activities  administered, 
a  greater  radiation  risk  to  the  technologist.  In  recent  years,  many 
nuclear  medicine  facilities  have  added  new  imaging  equipment  to 
handle  an  increasing  patient  workload  without  providing  a  propor- 
tionate increase  in  space.  As  a  consequence,  imaging  rooms  are 
more  confined  and  exposure  to  the  technologists  has  increased.  A 
correlation  between  higher  annual  dose  equivalents  and  limited 
work  space  has  been  reported  (Barrall  et  al.,  1978).  Ancillary  equip- 
ment such  as  video  monitors,  computer  terminals,  exercise  equip- 
ment, cardiac  monitoring  modules,  and  critical  care  systems  may 
also  contribute  to  the  crowding,  thus  making  nuclear  medicine  per- 
sonnel less  able  to  keep  distant  from  patients  undergoing  imaging. 
The  data  of  Table  7.1  indicate  that  a  significant  fraction  of  whole 
body  exposure  may  be  received  during  imaging.  Radiation  dose  rates 
associated  with  radioactive  patients  undergoing  bone  and  brain 
imaging  studies  have  been  measured  by  Brahmavar  et  al.  (1984). 
For  an  average  activity  of  approximately  700  MBq  per  patient,  the 
average  air  kerma  level  was  200  |xGy  h1  at  the  patient's  surface  and 
40  jxGy  h1  at  12  inches  from  the  surface.  Brahmavar  et  al.  (1984) 
also  estimated  average  annual  radiation  dose  to  technologists  of  4 
mGy  to  the  fingertips  and  2  mGy  to  the  whole  body  resulting  from 
proximity  to  radioactive  patients.  These  values  were  based  on  1000 
procedures  per  year  with  an  average  of  700  MBq  activity  each.  An 
air  kerma  rate  of 200  (xGy  h1  and  an  exposure  time  of  one  minute  per 
procedure  is  given  for  the  fingertip  values.  The  whole  body  exposure 
values  are  based  on  an  air  kerma  rate  of  10  jxGy  h1  and  an  exposure 
time  of  ten  minutes  per  procedure. 

Before  nuclear  cardiology  procedures  became  a  significant  fraction 
of  workload,  Gandsman  et  al.  (1980)  suggested  that  brain  studies 
accounted  for  most  of  the  radiation  exposure  to  technologists.  This 
is  in  agreement  with  the  data  of  Barrall  and  Smith  (1976)  presented 
in  Table  7.1.  With  the  advent  of  nuclear  cardiology,  Gandsman  et  al. 
(1984)  updated  their  observations  and  reported  a  significant  increase 
in  exposure  levels  due  to  this  study.  Personnel  exposure  from  nuclear 
cardiovascular  procedures  has  been  investigated  by  Syed  et  al. 
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(1982).  Air  kerma  rates  at  the  couch  edge  from  a  patient  given  1100 
MBq  of  99mTc  MDA  (methylene  diphosphonate)  ranged  from  6  |xGy 
h1  to  25  (xGy  h1.  For  200  MBq  of  99mTc  HSA  (human  serum  albumin) 
air  kerma  rates  ranged  from  2  jxGy  h1  to  20  (xGy  h"1.  Typical  total 
exposure  per  procedure  was  not  reported. 


7.1.4   Sources  of  Internal  Occupational  Exposure  in  Nuclear 
Medicine 

Internal  occupational  exposure  of  personnel  occurs  through  inad- 
vertent ingestion  and  inhalation  of  radioisotopes  and  absorption 
through  the  skin.  For  facilities  following  standard  radiation  safety 
practices,  internal  exposure  should  be  much  less  than  external.  How- 
ever, internal  exposure  presents  special  circumstances  in  that  it  is 
not  detected  by  a  personal  monitor  and  is,  therefore,  not  normally 
monitored  on  an  individual  basis.  Internal  exposure  is  controlled  by 
limiting  contamination  of  work  surfaces  and  room  air,  and  potential 
for  exposure  is  monitored  by  area  wipe  tests  and  air  sampling.  Some 
medical  centers  conduct  routine  bioassays  as  a  method  of  monitoring 
internal  exposure. 

Internal  exposure  from  99mTc  contamination  has  been  studied  by 
Nishiyama  et  al.  (1980a,  1980b).  The  major  pathway  for  internal 
deposition  was  hand-to-mouth  contamination,  primarily  during 
radiopharmaceutical  preparation,  rather  than  during  injection  and 
imaging.  No  evidence  was  found  for  inhalation  of  airborne  radiophar- 
maceuticals. The  total  body  absorbed  dose  for  the  most  heavily  con- 
taminated personnel  was  estimated  to  be  approximately  2.5  |xGy/y. 

Internal  exposure  from  therapeutic  doses  of  131I  has  been  studied 
by  Nishiyama  et  al.  (1980c).  The  high  volatility  of  iodine  may  result 
in  internal  exposure  via  inhalation.  Whole  body  activity  burdens 
were  observed  to  range  from  3  to  230  Bq  per  GBq  of  administered 
radionuclide,  depending  on  type  of  radiopharmaceuticals  used  and 
whether  fume  hoods  were  used  for  handling.  For  a  therapeutic  dose 
of  3700  MBq,  assuming  a  thyroid  uptake  of  20  percent,  the  thyroid 
dose  to  the  technologist  per  therapeutic  procedure  could  range  from 
0.008  to  7.1  mGy. 

Ventilation  studies  also  present  the  chance  of  internal  exposure 
through  inhalation  of  airborne  contamination.  Nishiyama  and  Lukes 
(1982)  have  studied  personnel  exposure  from  133Xe  procedures  in 
three  representative  hospitals.  The  inspired  activity  ranged  from 
approximately  2  to  200  kBq  during  a  typical  20-minute  study.  The 
wide  range  of  exposure  depended  primarily  on  the  xenon  exhaust 
and  trapping  systems,  with  air  flow,  room  exchange  rates  and  degree 
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of  patient  cooperation  being  additional  factors.  If  the  same  technolo- 
gist performs  five  ventilation-perfusion  studies  per  week  for  50  weeks 
per  year,  the  estimated  annual  absorbed  dose  to  the  lung  would 
range  from  0.04  to  4  |xGy/y  at  the  institutions  studied. 

7.1.5   Exposure  of  Other  Personnel  from  Patients  Receiving 
Diagnostic  Radionuclides 

Nursing  personnel  are  exposed  to  low-level  radiation  from  patients 
receiving  diagnostic  radionuclides.  In  a  study  by  Burks  et  al.  (1982), 
nurses  were  monitored  by  film  badges  and  self-reading  pocket  dosim- 
eters while  caring  for  patients  who  received  diagnostic  radionuclides. 
Most  patients  in  the  study  were  ambulatory  and  required  3  to  6 
nursing  care  contact  hours  per  day.  Over  13  weeks,  a  total  of  73 
patients  underwent  194  diagnostic  radionuclide  studies.  Eight  differ- 
ent diagnostic  radionuclides  were  administered  in  doses  ranging 
from  15  to  1000  MBq.  The  133Xe  used  for  lung  ventilation  scans 
did  not  contribute  to  dosimeter  readings.  The  highest  cumulative 
quarterly  dose  equivalent  recorded  was  0.11  ±0.1  mSv/qtr. 

Brateman  et  al.  (1980)  calculated  exposures  to  the  hands  and 
gonads  of  ultrasonographers  in  contact  with  25  patients  who  received 
diagnostic  radionuclides.  Ultrasonographers  often  spend  20  to  90 
minutes  in  close  contact  with  patients  who  have  received  diagnostic 
radionuclides  from  0  to  5  days  before  the  ultrasound  procedure. 
Calculated  air  kerma  to  the  ultrasonographers  range  from  10  to  400 
p,Gy  to  the  hands  and  from  3  jxGy  to  70  (xGy  to  the  gonads. 


7.2   Normative  Patterns  of  Occupational  Exposure 
and  Workload,  and  Indicators  for  Suspicion  of 
Non-ALARA  Situations 

Several  reports  have  been  published  concerning  the  patterns  of 
exposure  received  by  nuclear  medicine  personnel  (Barrall  and  Smith, 
1976;  Anger,  1977;  Gandsman  et  al.,  1980;  Ahluwalia  et  al.,  1981; 
Gandsman  et  al.,  1984;  Brahmavar  et  al.,  1984).  While  some  reports 
provide  ranges  of  exposures,  the  distribution  of  exposures  (which  is 
expected  to  be  log-normal)  has  not  been  widely  reported.  All  of  the 
discussions  concerned  personnel  engaged  solely  in  nuclear  medicine, 
i.e.,  exposure  from  diagnostic  radiology  procedures  did  not  contribute 
to  the  total.  With  the  possible  exception  of  dedicated  radiopharmacy 
personnel,  most  tasks  in  nuclear  medicine  are  not  subspecialized; 
hence  the  reported  exposure  patterns  are  not  divided  by  subcategory 
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of  worker.  Average  yearly  whole  body  and  extremity  dose  equiva- 
lents are  summarized  in  Table  7.2.  Reported  average  whole  body 
dose-equivalents  ranged  from  1.9  to  8  mSv/y.  Since  only  two  of  the 
reports  include  workload  data,  it  is  not  possible  to  decide  if  the 
variation  in  exposure  is  due  more  to  staffing  patterns,  radiation 
safety  practices,  or  workload.  A  ten-year  summary  from  one  of  the 
institutions  is  shown  in  Figure  7.1  (Gandsman  et  al.,  1984).  The 
number  of  technologists  monitored  was  four  (1973-1974),  five 
(1974-1980)  and  six  (1980-1982).  Hence,  the  average  whole  body 
exposure  was  affected  both  by  the  number  of  staff  and  the  workload 
per  unit  staff.  Analysis  of  the  data  reveals  that  from  1973  to  1977 
true  gains  were  made  in  terms  of  reducing  the  whole  body  exposure 
per  number  of  procedures.  After  1976,  the  dose  equivalent  per  proce- 
dure increased  gradually  from  1.5  to  2.1  |xSv.  Hence,  the  rise  in 
average  whole  body  exposure  from  1978  to  1980  was  due  both  to  an 
increased  number  of  procedures  and  to  an  increased  occupational 
exposure  per  procedure. 

Few  firm  conclusions  can  be  drawn  from  the  available  studies. 
None  of  the  hospitals  reported  in  the  literature  exceeded  an  average 
whole  body  dose  equivalent  of  8  mSv/y  for  monitored  personnel; 
many  hospitals  reported  lower  values.  The  contribution  to  average 
annual  whole  body  dose  equivalent  per  procedure  ranged  from  1.3  to 
4.1  mSv  at  one  institution  (Gandsman  et  al.,  1984).  The  data  of 
Gandsman  et  al.  (1984)  are  consistent  with  the  dose  equivalent/ 
procedure  values  of  individual  procedures  reported  by  Barrall  and 
Smith  (1976)  and  reproduced  in  Table  7.1.  However,  too  few  data 
exist  to  allow  calculation  of  values  of  dose  equivalent/procedure  that 
would  be  representative  of  national  norms.  Until  such  data  become 
available,  a  retrospective  analysis  of  each  institution's  own  data  may 
serve  as  a  starting  point. 

As  an  example  of  how  normative  patterns  may  be  used  to  set 
reference  levels,  consider  the  following  hypothetical  situation.  The 
nuclear  medicine  section  of  a  large  hospital  is  staffed  by  four  technol- 
ogists and  performs  5,000  procedures  per  year.  From  a  review  of 
their  past  several  years  of  quarterly  film  badge  totals,  it  was  deter- 
mined that  less  than  five  percent  of  quarterly  individual  doses 
exceeded  2.5  mSv  while  the  average  measurable  quarterly  dose  was 
0.9  mSv.  Radiation  protection  surveys  were  also  reviewed  and  typi- 
cal, as  well  as  maximal,  quarterly  doses  were  calculated  based  on 
workload  and  staffing  patterns.  From  this  review  it  was  determined 
that,  most  of  the  time,  personnel  should  be  able  to  carry  out  their 
normal  duties  without  exceeding  a  quarterly  individual  dose  of  2.5 
mSv.  Based  upon  these  considerations  the  quarterly  individual  refer- 
ence range  (IRR)  was  set  at  0.9  mSv  to  2.5  mSv.  A  similar  review  of 


7.2   NORMATIVE  PATTERNS  OF  OCCUPATIONAL  EXPOSURE 


/  71 


I 


CD 

Oi  O  tH 

rH  CO  oo 

rj  H  h 


PQ  < 


*.3^ 

O  CO 

S  5  to 

I 


2  I 
1^ 


PS  «  8  « 


§2 


O  PQ 


TP  t>  H  CO  CM  CO  t» 


72      /      7.   IMPLEMENTATION  OF  ALARA  IN  NUCLEAR  MEDICINE 


NUCLEAR 

CARDIOLOGYI  

PROGRAM 

NUCLEAR 

CARDIOLOGY 

SUITE 


TLD  RING 


ALARA 


WHOLE 

BODY 
BADGE 


nQ<d-ir>v0(^CO<T>O—C\J 
<T><T><T><T>(X><D(X><D<X><T> 


2400 


2000-g 


I600.<2 

3 


1200 


800 


400 


0 


Q 
< 
O 
_l 

o 


444 

370 
296 
222 
148 

74 

0 


Fig.  7.1  Average  dose  equivalent  in  mSv/y  during  the  years  1973  to  1982.  The 
lowest  solid  line  represents  the  whole-body  data  and  the  uppermost  solid  line  repre- 
sents the  ring  badge  data.  The  concurrent  work  load  per  technologist  (studies  per 
technologist  per  year)  is  represented  by  circles  and  the  total  activity  administered  by 
each  technologist  (GBq  per  year)  is  shown  as  triangles  (After  Gandsman  et  al.,  1984). 
The  "ALARA"  level  (dotted  line)  is  an  action  level  chosen  by  Gandsman  et  al.  for  this 
particular  set  of  circumstances. 
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quarterly  collective  dose  records,  corrected  for  trends  in  work-load, 
revealed  that  the  average  quarterly  collective  dose  was  approxi- 
mately 3.8  0.3  person-mSv.  These  data  were  used  to  set  the  collective 
reference  range  (CRR)  at  4.1  to  4.4  person-mSv. 


7.3   Hypothetical  Examples  of  Optimization  Decisions  in 
Implementing  ALARA 

7.3.1   Radiopharmacy  vs.  Generator  Use 

As  an  example  of  the  manner  in  which  an  ALARA  program  might 
be  implemented  for  nuclear  medicine  personnel,  consider  the  follow- 
ing hypothetical  example:  A  newly  opened  nuclear  medicine  section 
of  a  community  hospital,  with  three  technologists,  hopes  to  achieve 
a  workload  of  3000  procedures  per  year.  Lacking  retrospective  expo- 
sure data  of  its  own,  the  institution  used  literature  values,  such  as 
those  reviewed  in  the  previous  section,  to  set  reference  levels.  It 
was  anticipated  that  the  average  yearly  whole  body  dose  should  be 
approximately  3  mSv  to  4  mSv.  The  mean  dose  equivalent  per  quar- 
ter was  thus  anticipated  to  be  1  mSv/qtr.  The  lower  limit  of  the  IRR 
was  set  at  1  mSv/qtr  and  the  upper  at  3  mSv/qtr,  following  the 
general  guidlines  discussed  in  Section  4.3.  Similarly,  it  was  expected 
that  the  collective  dose  per  procedure  should  be  between  2  and  5 
person-fxSv  which,  for  the  projected  workload,  results  in  a  yearly 
expected  collective  dose  equivalent  between  6  and  15  person-mSv 
per  year.  For  consistency  with  the  anticipated  average  yearly  whole 
body  dose  a  yearly  collective  dose  of  12  person-mSv  was  used,  for  a 
quarterly  collective  dose  of  3  person-mSv.  The  quarterly  CRR  awaits 
accurate  data,  but  was  set  with  a  lower  bound  of  3  person-mSv  and 
an  upper  bound  of  4  person-mSv  based  upon  the  expectation  that 
quarterly  fluctuation  in  workload  should  not  exceed  30  percent  of 
the  average  workload. 

During  each  of  the  first  two  quarterly  review  periods  the  IRR  was 
nearly  exceeded  by  one  technologist,  but  not  by  the  same  technologist 
both  times.  The  quarterly  collective  doses  were  3.95  and  4.3  person- 
mSv,  and  the  number  of  procedures  performed  was  575  and  650.  This 
presents  an  equivocal  data  set  upon  which  to  decide  whether  ALARA 
is  being  achieved.  With  so  few  individuals  being  monitored  the  ele- 
vated individual  readings  could  be  normal  fluctuations  due  to  pat- 
terns of  work  assignments  or  the  reading  could  indicate  a  need 
for  further  action.  The  collective  dose  figures  do  not  appear  to  be 
unreasonable,  particularly  since  no  historical  data  from  the  institu- 
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tion  are  available  for  comparison.  However,  the  average  contribution 
to  collective  dose  per  procedure  is  6.7  jjlSv,  which  is  above  expecta- 
tions. Since  the  elevated  individual  quarterly  doses  were  not  com- 
mensurate with  the  workload,  it  was  decided  to  proceed  with  further 
investigation. 

The  investigation  consisted  of  a  review  and  observation  of  proce- 
dures and  measurements  of  exposure  levels  during  the  various 
phases  of  the  procedures  to  determine  site  specific  data  analogous  to 
that  presented  in  Table  7.1.  Exposure  levels  near  the  patient  during 
imaging  were  found  to  be  similar  to  those  reported  in  the  literature. 
Proper  procedures  were  followed  to  maximize  distance  from  the 
patient  and  minimize  time  spent  near  the  patient.  The  simple  sugges- 
tion of  Gandsman  et  al.  (1980)  to  cover  non-essential  areas  of  the 
patient  with  a  lead  apron  was  found  to  further  reduce  exposure  levels 
during  many  procedures.  The  investigation  then  focused  on  elution 
and  dose  preparation  as  the  potential  problem.  As  expected,  the 
instantaneous  exposure  rates  during  the  various  steps  of  elution 
and  radiopharmaceutical  preparation  were  quite  high.  From  these 
measurements  and  from  literature  reports  of  dose  reductions 
achieved  through  modifications  of  radiopharmacy  operations,  it  was 
hypothesized  that  this  segment  of  the  overall  imaging  procedure 
might  be  responsible  for  the  observed  personnel  monitor  readings. 

The  possible  actions  considered  were  "take  no  action",  review  and 
revise  the  procedures  used  to  elute  and  prepare  radiopharmaceuti- 
cals, and  contracting  with  a  commercial  radiopharmacy  instead  of 
in-house  generation  and  preparation  of  radiopharmaceuticals.  Addi- 
tional shielding  was  not  considered  because  appropriate  shielding 
was  already  in  place.  Reviewing  and  revising  procedures  was  esti- 
mated to  cost  approximately  three  person- weeks  from  the  combined 
efforts  of  the  radiation  safety  officer,  chief  technologist  and  nuclear 
medicine  physician.  Whether  or  not  this  represents  a  real  cost  to  the 
department  is  problematic  since  these  are  salaried  individuals  and 
actual  outlay  of  the  department  does  not  change  as  a  result  of  the 
manner  in  which  they  allocate  their  time.  Additional  problems 
encountered  with  the  proposed  procedural  changes  were  whether 
they  would  be  effective  and  reluctance  to  change  procedures  that 
already  followed  accepted  standards  of  practice. 

The  costs  of  changing  to  a  commercial  radiopharmacy  could  be 
more  directly  evaluated.  Generators  cost  $350  each,  and  the  average 
cost  of  the  pharmaceutical  was  about  $12  per  vial.  The  costs  of  receipt 
and  handling  of  generators,  associated  record  keeping,  time  spent 
preparing  technetium-labeled  radiopharmaceuticals  and  time  spent 
on  associated  quality  assurance  were  estimated  to  be  $1500  per 
quarter.  The  cost  of  commercial  radiopharmaceuticals  delivered  in 
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unit  dose  form  ready  for  injection  was  estimated  to  be  about  $15  per 
vial  for  the  types  and  number  of  procedures  being  done;  charges 
averaged  $540  per  month  for  general  delivery  and  $340  per  month 
for  special  delivery.  Less  well  known  were  the  costs  associated  with 
wastage  and  availability.  The  best  estimate  of  the  net  cost  of  switch- 
ing to  a  commercial  radiopharmacy  was  estimated  to  be  about  $2000 
per  year.  The  anticipated  reduction  in  average  personnel  dose  equiv- 
alent was  estimated  not  to  exceed  6  mSv/year,  based  upon  the  experi- 
ence of  other  institutions  as  published  in  the  literature.  The  resulting 
cost  of  $110,000  per  person-Sv  was  judged  to  be  acceptable  by  the 
institution  and  it  was  decided  to  use  the  commercial  radiopharmacy 
on  a  trial  basis  and  evaluate  the  impact  of  the  change  not  only  upon 
personnel  exposure  but  also  upon  the  quality  of  care  delivered  to  the 
nuclear  medicine  patients,  particularly  with  added  technologists' 
time  from  not  having  to  prepare  the  radiopharmaceutical. 

An  issue  not  addressed  by  the  above  analysis  is  the  exposure  to  the 
employees  of  the  commercial  radiopharmacy  or  transport  workers.  If 
the  exposure  avoided  by  the  hospital  nuclear  medicine  employees  is 
simply  transferred  to  the  employees  of  the  commercial  radiophar- 
macy, then  the  overall  collective  dose  would  remain  the  same.  Expo- 
sure would  be  reduced  in  one  group  at  the  expense  of  increased 
exposure  to  another  group.  In  the  above  example,  the  hospital  did 
not  have  detailed  information  about  radiation  protection  practices 
of  the  commercial  radiopharmacy,  but  assumed  that  the  commercial 
radiopharmacy  could  prepare  its  products  in  a  more  exposure-effi- 
cient manner  due  to  its  greater  facilities  and  more  experienced  per- 
sonnel. Ideally  the  commercial  radiopharmacy  would  include  the 
cost  of  radiation  protection  in  the  cost  of  its  product  so  that  issues  of 
this  nature  would  be  resolved  as  part  of  the  cost-benefit  analysis. 


7.3.2  Patient  Imaging  Procedures -Nuclear  Cardiology 

This  example  follows  the  data  given  by  Gandsman  et  al.  (1984) 
and  indicates  how  an  ALARA  program  may  function  as  new  proce- 
dures are  implemented  in  nuclear  medicine  laboratories.  From 
1976-1978,  personnel  exposures  had  stabilized  at  an  individual 
whole  body  dose  equivalent  of  2  mSv/year.  This  figure  was  used  to 
project  a  quarterly  IRR  of  0.25  mSv  to  0.75  mSv.  From  1978-1980, 
a  significant  increase  was  observed  in  the  individual  dose  equivalent 
level  to  1.2  mSv/quarter.  The  IRR  had  been  exceeded.  Upon  review- 
ing the  workload,  it  was  noted  that  this  increase  in  exposure  coin- 
cided with  the  development  of  the  nuclear  cardiology  program. 
Despite  a  decrease  in  workload  (number  of  procedures  per  year) 


76      /      7.   IMPLEMENTATION  OF  ALARA  IN  NUCLEAR  MEDICINE 

the  increase  reflected  the  use  of  greater  amounts  of  administered 
radiopharmaceuticals  and  a  greater  personnel  time  commitment  for 
the  nuclear  cardiology  studies.  Since  each  technologist  rotated 
through  the  cardiology  program,  this  increase  also  represented  an 
increase  in  the  collective  dose. 

In  response  to  this  increased  demand  for  nuclear  cardiology  stud- 
ies, an  area  was  renovated  as  a  dedicated  suite  with  a  design  goal 
of  minimizing  personnel  exposures.  Two  rooms  were  renovated,  an 
imaging  room  (15  x  20  ft)  containing  the  gamma  camera,  patient 
care  equipment  and  supplies,  and  an  adjoining  computer  room  (10  x 
10  ft)  connected  to  the  imaging  room  and  having  a  large  observation 
window.  This  allowed  monitoring  of  the  patients  during  the  data 
acquisition  while  minimizing  staff  exposure.  The  cost  of  this  renova- 
tion was  $12,500.  Personnel  dose  decreased  between  1981  and  1982 
to  about  0.5  mSv/quarter,  within  the  previously  set  quarterly  IRR. 
For  the  five  technologists  involved,  the  renovation  represented  a 
collective  dose  decrease  from  24  person-mSv/year  to  10  person-mSv/ 
year.  The  resulting  $90,000  cost  per  person-Sv  was  judged  acceptable 
by  the  institution. 


8.    Implementation  of 
ALARA  in  Radiation 
Oncology 


8.1    Sources  of  Occupational  Exposure  in  Radiation 

Oncology 

There  are  three  major  categories  of  activities  in  radiation  oncology 
that  may  expose  personnel  to  radiation:  brachytherapy,  external 
beam  treatment  and  therapy  simulation. 


8.1.1  Brachytherapy 

The  most  significant  source  of  radiation  exposure  to  radiation 
oncology  personnel  is  the  use  of  sealed  radionuclide  sources  in 
brachytherapy  (unsealed  sources  were  treated  in  Section  7).  The 
most  commonly  used  isotopes  are  137Cs,  192Ir,  226Ra  and  125I,  although 
60Co,  90Sr  and  198Au  and  several  other  isotopes  are  used  occasionally. 
Physicists  and  technologists  may  be  exposed  during  the  receipt  and 
preparation  of  brachytherapy  sources.  Physicians,  anesthetists  and 
operating  room  nurses  may  be  exposed  during  the  loading  and 
unloading  of  sources.  During  the  course  of  treatment,  nurses  will  be 
occupationally  exposed.  For  a  radiation  oncology  center  offering  both 
external  beam  therapy  and  brachytherapy  treatments,  it  is  usually 
the  brachytherapy  procedures  which  account  for  the  greatest  fraction 
of  individual  exposure  and  collective  dose  (Hughes  et  aL,  1983; 
Leung,  1983). 


8.1.2   External  Beam  Units 

Technologists  and,  to  a  lesser  extent,  physicians  and  physicists 
may  be  exposed  to  radiation  from  various  external  beam  units.  Radi- 
ation therapy  units  are  sources  of  primary,  scattered  (from  the 
patient)  and  leakage  (through  the  machine  "head")  radiation  that 
can  expose  personnel  after  penetrating  the  shielding  of  the  treatment 
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room.  As  with  all  external  beam  therapy  equipment,  personnel 
should  not  be  present  in  the  treatment  room  during  the  actual  treat- 
ment with  the  possible  exception  of  the  use  of  low  energy  (50  kVp 
and  below)  x-ray  contact  therapy  units  which  are  sometimes  used 
for  intracavitary  treatments.  Cobalt-60  teletherapy  units  can  expose 
personnel  to  head  leakage  radiation  while  the  source  is  in  the  "off" 
position,  and  to  primary,  scattered,  and  leakage  radiation  that  pene- 
trates the  protective  barrier  when  the  source  is  in  the  "on"  position. 
The  types  of  exposure  from  linear  accelerators,  betatrons  and  micro- 
trons  depend  upon  the  beam  modality  (photon  or  electron)  and  the 
beam  energy.  For  photons  and  electrons  below  10  MeV,  the  only 
radiations  are  primary,  scattered,  and  leakage  x  rays  that  penetrate 
the  protective  barrier. 

Above  10  MeV,  photonuclear  reactions  can  result  in  the  production 
of  both  neutrons  and  radioactive  nuclides  (activation  products).  Neu- 
trons can  penetrate  the  protective  barrier  and  expose  personnel  when 
the  unit  is  on.  Relatively  long-lived  radionuclides  produced  by  photo- 
activation  can  expose  personnel  who  enter  the  treatment  room  imme- 
diately after  the  treatment  has  been  delivered.  Neutrons  and  photo- 
activated  radionuclides  usually  do  not  contribute  a  significant  frac- 
tion of  the  exposure  to  technologists  except  for  units  operated  at  very 
high  energy  (=>  25  MV  x  ray)[(Hoffman  and  Nath,  1982;  NCRP,  1984; 
McGinley  et  al.,  1984;  La  Riviere,  1985)].  Barrier  penetration  by 
primary,  scattered,  and  leakage  radiation  depends  upon  the  charac- 
teristics of  the  accelerator  and  the  design  of  the  facility.  As  will  be 
seen  in  Section  8.2,  the  average  yearly  doses  to  personnel  who  work 
only  with  mega  voltage  x-ray  external  beam  equipment  rarely  exceed 
a  few  mSv/y. 


8.1.3   Therapy  Simulation 

Technologists,  physicians  and  physicists  may  be  exposed  to  low 
energy  x  rays  from  simulators  and  other  diagnostic  imaging  equip- 
ment used  to  plan  treatments.  Fluoroscopic  simulation  protocols  that 
require  the  presence  of  personnel  near  the  patient  during  imaging 
may  produce  relatively  high  levels  of  scattered  radiation  because 
therapy  simulators  often  use  high  radiation  output  to  compensate 
for  a  large  patient-to-image  receptor  distance.  In  the  United  States, 
fluoroscopic  simulators  are  exempt  from  the  Federal  maximum  expo- 
sure rate  regulations  normally  limiting  the  maximum  entrance  rate 
for  diagnostic  fluoroscopic  equipment.  Also,  the  geometry  of  the  sim- 
ulator may  not  be  compatible  with  protective  drapery.  However,  for 
the  majority  of  fluoroscopic  simulations,  and  nearly  all  radiographic 
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simulations,  personnel  are  located  in  a  shielded  control  area.  Unlike 
diagnostic  fluoroscopic  equipment,  the  x-ray  beam  need  not  be  colli- 
mated  to  the  input  size  of  the  image  receptor;  hence  it  is  necessary 
to  shield  therapy  simulation  rooms  with  primary  radiation  barriers. 
As  will  be  seen  in  the  next  section,  simulation  is  typically  not  a  major 
contributor  to  the  total  radiation  exposure  of  radiation  oncology 
personnel. 


8.2  Normative  Patterns  of  Occupational  Exposure  and 
Workload  and  Indicators  for  Suspicion  of  Non-ALARA 

Situations 

Several  reports  have  been  published  concerning  the  types  and 
patterns  of  exposure5  received  by  radiation  oncology  personnel  (Hoff- 
man &  Nath,  1982;  Leung,  1983;  Hughes  et  aL,  1983;  Cobb  et  ah, 
1978).  The  distribution  of  exposures  is  approximately  log  normal  for 
radiation  oncology  workers  as  a  whole  as  well  as  for  the  various 
subcategories  of  these  workers.  Because  the  subcategories  show  con- 
siderable variation  in  the  average  annual  dose  and  collective  dose 
per  unit  workload,  it  is  preferable  to  consider  each  individually. 


8.2.1   Personnel  Involved  Primarily  in  Brachy therapy 

The  magnitude  and  distribution  of  exposure  among  persons 
involved  with  brachytherapy  depend  on  individual  institutional 
practices.  A  study  of  British  brachytherapy  workers  found  that  the 
total  collective  dose  due  to  brachytherapy  was  distributed  as  follows: 
67  percent  to  ward  nurses,  11  percent  to  operating  room  nurses,  8 
percent  to  radiotherapists,  7  percent  to  source  laboratory  staff  (staff 
responsible  for  receipt  and  preparation  of  brachytherapy  sources) 
and  the  remainder  distributed  among  several  other  categories  of 
workers  (Hughes  et  aL,  1983).  Operating  room  nurses  and  source 
laboratory  staff  had  the  highest  average  dose  because  they  were  few 
in  number  and  were  involved  in  nearly  all  brachytherapy  procedures. 
Ward  nurses  had  lower  average  annual  doses  but,  because  of  their 
larger  numbers,  contributed  the  largest  fraction  of  collective  dose.  A 
study  of  Canadian  brachytherpy  workers  found  a  similar  division  of 

5In  this  Section,  occupational  exposures  are  listed  for  specific  radiation  therapy 
procedures.  In  some  cases  these  exposures  reflect  the  experience  of  one  or  a  few 
institutions  and  may  not  represent  average  exposures  nationally  or  exposures  consis- 
tent with  ALARA  levels. 
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collective  dose:  66  percent  to  ward  nurses,  11  percent  to  operating 
room  staff,  7  percent  to  physicians,  6  percent  to  source  laboratory 
staff,  and  the  remainder  divided  among  several  other  categories  of 
workers  (Leung,  1983).  Approximately  20  percent  of  monitored  nur- 
ses showed  no  detectable  yearly  dose  equivalent,  approximately  10 
percent  received  more  than  5  mSv/y.  The  annual  collective  dose  was 
correlated  with  the  number  of  brachytherapy  procedures  performed. 
The  average  contribution  to  the  annual  collective  dose  was  0.71 
person-mSv  per  interstitial  or  intracavitary  procedure  (Leung, 
1983). 

The  patterns  of  exposure  to  nursing  personnel  at  four  U.S.  hospi- 
tals over  a  three-year  period  have  been  analyzed  (Cobb  et  al.,  1978). 
As  is  shown  in  Figures  8.1  and  8.2  the  annual  dose  distribution 
follows  a  log-normal  pattern.  However,  each  hospital  had  a  different 
mean  annual  dose  due  to  differing  workloads,  staffing  patterns  and 
policy  as  to  who  is  monitored.  Only  a  few  percent  of  nurses  exceed  5 
mSv/y  and  no  yearly  dose  exceeded  11  mSv/y.  Figure  8.3  shows 
that  the  collective  dose  to  nurses  was  correlated,  but  not  linearly 
correlated,  to  the  number  of  patients  treated  per  year.  The  average 
contribution  to  annual  collective  dose,  including  all  hospitals  and  all 
years  in  the  study,  was  between  0.35  and  1.5  person-mSv  per  patient 
treatment  (Cobb  et  al.,  1978).  This  is  in  agreement  with  the  results 


Fig.  8.1  Annual  dose  equivalent  distribution  for  nursing  personnel  attending 
brachytherapy  patients  averaged  over  the  indicated  years.  (After  Cobb  et  al.,  1978) 


8.2   NORMATIVE  PATTERNS  OF  OCCUPATIONAL  EXPOSURE      /  81 


HO  SSI  EE3  CZ3  G=3  MB  oa  =,  t=  HI   

<0.1     0.1-    0.26-  0.61-  0.76-  1.01-   1.26-  1.61-  1.76-  2.01-  2.26-  2.61-  2.76-  >3.00 
0.26   0.60    0.76    1.00     1.26    1.60    1.76    2.00    2.26    2.60    2.76  3.00 

DOSE  EQUIVALENT  (mSv) 

Fig.  8.2  Annual  dose  distribution  for  nurses  attending  brachytherapy  patients  in 
all  hospitals  in  the  study  during  the  years  1973-1976  (After  Cobb  et  al,  1978). 

of  Leung,  discussed  above.  The  average  annual  dose  per  exposed 
nurse  (defined  as  a  nurse  having  at  least  one  reading  in  excess  of  0.1 
mSv)  ranged  between  0.25  and  1.5  mSv  depending  on  the  hospital. 
From  personnel  monitoring  records  Cobb  and  Svensson  determined 
that  the  mean  annual  dose  equivalent  to  radiation  therapy  personnel 
in  the  years  1981  to  1984  was  0.51  mSv  for  nursing  personnel  and 
1.66  mSv  for  physicians,  residents  and  implant  technologists  (Cobb 
and  Svensson,  1985).  The  best  prediction  of  average  annual  dose  per 
exposed  nurse  was  the  "calculated  potential  dose"  (CPD).  The  CPD 
is  determined  by  measuring  the  dose  rate  at  one  meter  from  each 
patient,  multiplying  by  the  length  of  time  the  sources  are  in  place  and 
summing  over  all  patients  treated  for  a  given  year.  The  correlation  of 
mean  annual  dose  per  exposed  nurse  with  calculated  potential  dose 
is  shown  in  Figure  8.4.  For  any  hospital  in  the  study,  the  mean 
annual  dose  per  exposed  nurse  (DIN)  is  given  by  the  relationship  Dl 
N  =  7.0  x  10  4  x  CPD.  In  Figure  8.4,  the  mean  annual  dose  per 
exposed  nurse  ranges  from  approximately  0.3  mSv/y  for  an  institu- 
tion which  treated  from  20  to  30  patients  per  year  to  approximately 
1.4  mSv/y  for  an  institution  which  treated  from  75  to  90  patients  per 
year. 

Information  of  the  type  summarized  above  is  useful  in  identifying 
indicators  for  initiating  the  optimization  process.  Each  institution 
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NUMBER  OF  PATIENTS 


Fig.  8.3  Relationship  of  the  total  annual  dose  equivalent  to  nurses  reported  for 
each  hospital  to  the  number  of  brachytherapy  patients  treated  at  that  hospital  for 
that  year  (After  Cobb  et  a/.,  1978). 
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Fig.  8.4  Reported  mean  annual  dose  equivalent  per  exposed  nurse  as  a  function 
of  the  calculated  potential  dose  (After  Cobb  et  al.,  1978). 


should  review  its  own  facility  workload  and  exposure  patterns  to 
validate  the  analytic  approaches  reviewed  here  and  perhaps  to 
develop  approaches  more  suitable  for  the  facility.  The  institutions 
reviewed  here  could  carry  out  brachytherapy  treatments  with  an 
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average  annual  dose  on  the  order  of  1.5  mSv/y,  a  few  percent  of 
individuals  exceeding  5  mSv/y  and  only  an  occasional  individual 
exceeding  15  mSv/y.  The  contribution  to  annual  collective  dose  per 
patient  treatment  was  on  the  order  of  0.75  person-mSv. 

As  a  hypothetical  example  of  an  institution  setting  its  individual 
and  collective  reference  ranges,  consider  a  450-bed  community  hospi- 
tal treating  60  brachytherapy  patients  per  year  on  a  ward  staffed  by 
15  nurses  who  have  been  issued  film  badges.  From  a  review  of  their 
past  several  years  of  quarterly  total  film  badge  records  it  was  deter- 
mined that  only  a  few  percent  of  quarterly  individual  dose  equiva- 
lents exceeded  1.15  mSv  while  the  average  measurable  quarterly 
dose  was  0.45  mSv.  Radiation  protection  surveys  of  brachytherapy 
procedures  were  reviewed  and  typical  as  well  as  maximal  quarterly 
exposures  were  calculated  based  on  workload  and  staffing  patterns. 
These  data  were  compared  to  similar  studies  available  in  the  litera- 
ture (Cobb  etal.,  1978).  From  this  review  it  was  determined  that  most 
personnel  should  be  able  to  carry  out  their  normal  duties  without 
exceeding  a  quarterly  individual  dose  equivalent  of  1.15  mSv.  Based 
upon  these  considerations  the  IRR  was  set  from  0.45  to  1.15  mSv.  A 
similar  review  of  quarterly  collective  dose  gave  a  value  of  approxi- 
mately 7  ±  1.5  person-mSv.  These  data  were  used  to  set  the  CRR 
from  8.5  to  10  person-mSv.  These  reference  levels  would  apply  only  to 
the  particular  institution  and  this  particular  subgroup  of  employees. 


8.2.2   Personnel  Involved  Primarily  in  External  Beam  Simulation 
and  Treatment 

Personnel  whose  duties  most  often  involve  external  beam  telether- 
apy simulation  and  treatment  are  primarily  technologists  and,  less 
often,  physicians  and  physicists.  The  latter  two  groups  are  usually 
involved  only  at  the  beginning  of  treatment  and  are  not  present  for 
all  treatments  on  a  daily  basis.  However,  the  physicist  is  extensively 
involved  with  acceptance  testing,  room  surveying,  routine  periodic 
quality  assurance  testing  and  accumulating  treatment  planning 
data.  These  activities  constitute  a  potential  source  of  exposure  for 
the  physicist  and  support  personnel.  Simulation  and  other  uses  of 
diagnostic  x  rays  for  radiation  oncology  patients  are  not  a  large 
contributor  to  the  exposure  of  these  personnel.  In  one  study  at  a  large 
cancer  hospital,  all  of  the  diagnostic  x-ray  activities  in  support  of 
oncology  (including  all  radiological  examinations  before  treatment) 
contributed  only  half  as  much  collective  dose  as  treatment  activities 
(Leung,  1983).  For  a  hospital  or  clinic  in  which  the  only  source  of 
diagnostic  x  rays  in  the  oncology  section  is  a  simulator,  the  relative 


8.2   NORMATIVE  PATTERNS  OF  OCCUPATIONAL  EXPOSURE      /  85 

contribution  to  collective  dose  would  be  even  less.  Hence,  the  expo- 
sure of  technologists  in  the  course  of  daily  external  beam  treatments 
is  usually  the  most  significant  circumstance  to  be  considered  unless 
job  assignments  are  so  specialized  that  certain  technologists  work 
exclusively  in  simulation. 

Typical  exposure  patterns  for  this  subcategory  of  worker  depend 
on  the  type  of  teletherapy  equipment,  facility  design  and  workload. 
In  one  study  of  radiation  oncology  installations  in  Great  Britain 
(Hughes  et  al.,  1983)  it  was  reported  that  the  average  dose  to  therapy 
technologists  was  approximately  1  mSv/y.  Approximately  2  percent 
exceeded  5  mSv/y  and  no  individual  exceeded  15  mSv/y.  The  person- 
nel in  this  study  operated  all  types  of  external  beam  equipment.  The 
workload  in  terms  of  patients  per  year  or  treatments  per  year  was 
not  reported.  Hoffman  and  Nath  have  estimated  that  exposure  to 
leakage  radiation  from  the  source  head  in  the  treatment  room  may 
result  in  1  to  2  mSv/y  average  dose  equivalent  to  technologists  work- 
ing solely  with  60Co  teletherapy  units  (Hoffman  and  Nath,  1982). 
The  same  study  noted  that  technologists  working  solely  with  4  MV 
and  6  MV  linear  accelerators  never  received  measurable  monthly 
film  badge  exposures,  but  that  those  working  on  a  25  MV  linear 
accelerator  did  receive  measurable  exposures.  The  exposure  from  the 
high  energy  linac  was  due  primarily  to  radioisotopes  produced  by 
photoactivation  of  air  and  accelerator  components.  The  authors  cal- 
culated that,  for  their  equipment,  the  maximum  yearly  individual 
dose  equivalent  was  1  mSv/y  for  a  workload  of  32  patients  per  day, 
5  days  per  week  and  50  working  weeks  per  year.  The  measured 
average  annual  exposure  to  technologists  operating  both  low  and 
high  energy  linear  accelerators  was  0.33  mSv/y  (Hoffman  and  Nath, 
1982).  The  dose  to  technologists  from  air  activation  has  been  calcu- 
lated by  McGinley  et  al.  (1984),  for  a  workload  of  40  patients  per  day, 
five  days  per  week.  Their  results  are  shown  in  Table  8.1  (McGinley 
et  al.,  1984).  Since  activation  of  materials  in  the  treatment  head  was 
not  considered,  these  calculations  are  consistent  with  the  observa- 

Table  8.1 — Total  dose  equivalent  to  the  skin  of  technologists  due  to  the  production 


of  15Q  and  13N  by  air  activation.* 


Accelerator  energy 

Dose  equivalent  per  year 

(MeV) 

(mSv) 

17 

0.019 

25 

0.148 

33 

0.257 

45 

0.306 

Assumptions  are  as  follows:  40  patients  per  day,  five  days  per  week,  given  dose  of 
4  Gy/patient,  a  treatment  time  of  120  s  and  a  stay  time  by  the  technologist  of  600  s 
per  treatment  (after  McGinley  et  al,  1984). 
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tions  of  Hoffman  and  Nath.  In  reviewing  the  14-year  history  of 
exposure  of  radiotherapy  technicians  at  the  Ontario  Cancer  Insti- 
tute, Leung  reported  an  annual  average  dose  of  approximately  0.6 
mSv/y  and  an  annual  collective  dose  of  70  person-mSv  for  an  annual 
workload  of  approximately  75,000  patient  treatment  visits  (Leung 
1983).  The  year-by-year  summary,  shown  in  Figure  8.5,  includes 
exposure  from  all  external  beam  sources  including  orthovoltage  x 
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Fig.  8.5  Upper  diagram:  Variation  of  the  annual  collective  dose  equivalent  to 
hospital  staff  as  a  result  of  the  use  of  external  radiation  therapy  for  the  period  between 
1964  and  1977.  Middle  diagram:  Number  of  treatment  visits  for  external  radiation 
therapy  in  each  of  the  calendar  years.  Lower  diagram:  Number  of  staff  monitored  who 
were  exposed  to  this  type  of  radiation  in  each  of  the  calendar  years.  Reproduced  from 
Leung,  1983  with  permission. 
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ray,  cobalt-60  and  megavoltage  x-ray  equipment.  No  individual  tech- 
nologist's dose  exceeded  15  mSv  in  a  given  year,  less  than  five  percent 
exceed  5  mSv  and  75  percent  of  technologists  had  no  detectable 
annual  exposure.  On  average,  each  patient  treatment  contributed 
approximately  0.8  person- jxSv  to  the  annual  collective  dose,  although 
the  annual  collective  dose  was  not  highly  correlated  with  workload. 

Information  of  the  type  summarized  above  is  useful  in  identifying 
indicators  for  initiating  the  optimization  process.  Although  each 
institution  may  be  different,  it  is  evident  that  the  institutions 
reviewed  here  could  carry  out  external  beam  therapy  (not  including 
brachytherapy)  with  an  average  annual  dose  in  the  range  of  1  mSv/y. 
Since  the  average  annual  dose  is  highly  dependent  on  the  number 
of  personnel  monitored,  comparisons  of  annual  collective  dose  per 
unit  workload  may  be  more  useful.  Unfortunately,  only  one  such 
value  (0.8  person-jiSv  per  patient  treatment  visit)  is  available  in  the 
literature;  hence  no  "representative"  value  is  known.  Until  such  data 
become  available,  retrospective  analysis  of  each  institution's  own 
collective  dose  per  unit  workload  may  serve  as  a  starting  point. 

Consider,  for  example,  a  small  radiotherapy  center  with  a  single 
6  MV  linear  accelerator  and  five  technologists  treating  35  patients 
per  day.  From  a  review  of  their  past  several  years  of  quarterly  total 
radiation  monitoring  records  it  was  determined  that  less  than  five 
percent  of  quarterly  individual  dose  equivalent  exceeded  0.8  mSv 
while  the  average  measurable  quarterly  dose  equivalent  was  0.25 
mSv.  Radiation  protection  surveys  were  also  reviewed,  and  typical 
as  well  as  maximal  quarterly  exposures  were  calculated  based  on 
workload  and  staffing  patterns.  From  this  review  it  was  determined 
that,  most  of  the  time,  personnel  should  be  able  to  carry  out  their 
normal  duties  without  exceeding  a  quarterly  individual  dose  equiva- 
lent of  0.8  mSv.  Based  upon  these  considerations  the  IRR  was  set 
from  0.25  to  0.8  mSv.  A  similar  review  of  quarterly  collective  dose 
records,  corrected  for  trends  in  workload,  revealed  that  the  average 
quarterly  collective  dose  equivalent  was  approximately  1.25  ±0.3 
person-mSv.  These  data  were  used  to  set  the  CRR  from  1.55  to  1.85 
person-mSv.  In  this  case,  these  reference  levels  apply  only  to  the 
subgroup  of  personnel  engaged  in  simulation  and  external  beam 
treatment,  and  would  not  necessarily  be  applicable  to  any  other 
institution  or  subgroup  of  employees. 

One  characteristic  of  the  external  beam  treatment  personnel  sub- 
group is  that  most  often  not  many  institutional  options  are  available 
to  optimize  radiation  exposure  patterns  once  a  facility  is  in  operation. 
The  leakage  and  photoactivation  characteristics  of  megavoltage  tele- 
therapy equipment  cannot  be  modified  by  individual  institutions. 
Shielding  design  is  obviously  important  during  the  construction 
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phase  of  a  facility.  It  is  not  usually  cost  effective  to  modify  wall  and 
ceiling  shielding  once  in  place,  although  it  may  be  cost  effective  to 
modify  door  shielding.  Cobalt-60  head  leakage  and  photoactivated 
radionuclides  are  not  affected  by  room  shielding  design.  Average 
exposures  from  these  sources  may  be  affected  by  modifications  of 
staffing  patterns  and  treatment  procedures,  but  such  measures  are 
unlikely  to  affect  collective  dose.  Hence,  once  a  facility  is  built  and 
operational,  the  observed  exposure  patterns  may  have  to  be  consid- 
ered optimal,  regardless  of  their  level,  because  few  cost-effective 
options  may  be  available  to  modify  the  exposure  patterns. 


8.3   Hypothetical  Examples  of  Optimization  Decisions  in 
Implementing  ALARA 

8.3.1   Example  of  Implementing  ALARA  for  Radiation  Oncology 
Technologists 

As  an  example  of  the  manner  in  which  ALARA  might  be  imple- 
mented, consider  the  following  hypothetical  situation:  A  free-stand- 
ing radiation  oncology  treatment  center  is  equipped  with  a  60Co 
teletherapy  unit,  an  18  MV  linear  accelerator  which  produces  10  MV 
photons  and  up  to  18  MeV  electrons,  and  a  simulator.  There  is  no 
brachytherapy  performed  by  personnel  at  this  facility.  The  poten- 
tially exposed  staff  consists  of  six  technologists,  a  dosimetrist/simula- 
tor  technologist,  a  physicist  and  two  physicians.  The  facility  treats 
approximately  45  to  50  patients  per  day  for  a  total  of  about  450  new 
patients  per  year.  In  initiating  the  ALARA  program  for  the  facility, 
the  personnel  monitoring  records  for  the  past  several  years  were 
reviewed.  A  distribution  of  yearly  and  quarterly  radiation  monitor 
values  was  plotted  and  found  to  be  in  reasonable  agreement  with  the 
expected  log-normal  behavior.  The  average  annual  dose  equivalent 
of  all  monitored  employees  was  0.55  mSv  and  the  average  annual 
dose  equivalent  of  monitored  employees  receiving  at  least  one  mea- 
surable reading  during  the  year  was  0.9  mSv.  The  maximum  yearly 
dose  equivalent  received  by  any  individual  was  3.75  mSv  and  the 
average  yearly  collective  dose  equivalent  was  5.5  person-mSv.  From 
this  experience  it  was  decided  to  base  the  ALARA  program  on  a 
review  of  quarterly  totals  of  radiation  monitor  readings.  The  IRR 
was  set  from  0.55  to  1  mSv  per  quarter  and  the  CRR  was  set  from 
1.5  to  1.9  person-mSv  per  quarter. 

At  a  review  one  technologist  was  noted  to  have  a  quarterly  dose 
of  1.25  mSv,  while  the  collective  dose  for  the  quarter  was  1.85  person- 
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mSv.  Since  the  IRR  was  exceeded,  the  situation  was  recognized  as 
potentially  non-optimum  and  immediately  referred  for  further 
assessment.  A  review  of  the  monthly  radiation  monitor  records  for 
the  quarter  in  question  revealed  that,  of  the  1.25  mSv,  0.9  mSv  was 
received  in  one  month.  The  records  of  the  commercial  monitoring 
service  indicated  that  there  were  no  unusual  circumstances,  such  as 
light  leaks  or  uneven  exposures  associated  with  the  0.9  mSv  value. 
Area  radiation  monitors  and  the  monitors  of  other  personnel 
revealed  no  unusual  values.  Based  on  a  review  of  the  monitoring 
data  alone  there  was  no  reason  to  doubt  the  accuracy  of  the  exposure. 
Treatment  records  were  then  reviewed  to  ascertain  whether  the 
reading  in  question  could  be  due  to  a  temporary  increase  in  workload. 
In  this  particular  case,  the  workload  was  approximately  the  same  as 
that  during  the  previous  several  months.  The  technologist  receiving 
the  exposure  was  then  interviewed  to  see  whether  personal  work 
habits  could  have  contributed  to  the  exposure.  The  interview 
revealed  that  during  the  month  of  greatest  exposure  the  technologist 
was  assigned  to  the  60Co  unit.  Furthermore,  the  other  technologist 
working  the  unit  had  suffered  a  sprained  wrist  and  was  unable  to 
assist  in  positioning  blocks  in  the  blocking  tray.  It  was,  therefore, 
concluded  that  the  technologist  had  most  probably  received  the 
unusual  exposure  because  more  time  than  usual  was  spent  in  the 
field  of  60Co  head  leakage.  Because  it  was  impossible  to  modify  the 
head  leakage  characteristics  of  the  unit,  the  only  possible  responses 
were  "take  no  action",  "modify  procedure"  and  "modify  personnel/ 
and  or  training."  In  this  case,  it  was  decided  that  the  optimal  response 
was  to  take  no  action.  Because  technologists  normally  rotate  among 
machines,  and  because  the  sprained  wrist  was  a  temporary  situation, 
the  individual  dose  exceeding  the  IRR  was  judged  to  be  an  acceptable 
fluctuation.  It  was  unlikely  that  the  elevated  exposure  would  con- 
tinue. Reassignment  of  staff  duties  (i.e.,  moving  the  "unusually 
exposed"  staff  member  to  a  low  exposure  position)  such  that  the 
occupational  exposure  was  more  evenly  distributed  would  not  reduce 
collective  dose,  but  would  disrupt  staffing  schedules  possibly  to  the 
detriment  of  patient  care. 


8.3.2  Example  of  Implementing  ALAR  A  for  Brachy  therapy 
Nursing 

As  an  additional  example  of  the  manner  in  which  an  ALARA 
program  might  function,  consider  the  following  hypothetical  exam- 
ple. A  450-bed  community  hospital  treats  approximately  60  brachy- 
therapy  patients  per  year  on  a  ward  staffed  by  15  monitored  nurses. 
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Following  a  review  of  their  radiation  protection  history,  consultation 
with  nearby  institutions  and  a  review  of  the  literature,  an  ALARA 
program  was  instituted  based  on  a  quarterly  IRR  of  from  0.45  to  1.15 
mSv  and  a  quarterly  CRR  of  from  8.5  to  10  person-mSv.  The  facility 
treated  gynecological,  breast,  and  head  and  neck  cancer,  primarily 
with  afterloaded  implants  of  137Cs  and  192Ir.  Patients  were  always 
treated  in  designated  rooms  at  one  end  of  the  ward.  Only  one  room 
adjoined  the  treatment  rooms. 

In  a  quarterly  review  of  personnel  monitoring  records  it  was  noted 
that  the  collective  dose  was  12  person-mSv,  which  exceeded  the  CRR 
and  initiated  the  optimization  procedure.  Although  the  IRR  was  not 
exceeded,  several  individual  doses  fell  within  the  IRR.  Furthermore, 
a  review  of  past  quarters  indicated  that  collective  dose  was  rising 
while  the  workload,  in  terms  of  type  and  number  of  implants,  had 
remained  more  or  less  constant.  None  of  the  individual  radiation 
monitor  values  appeared  to  be  due  to  malfunction  or  misuse.  Inter- 
views with  the  head  nurse  and  several  staff  nurses  indicated  that 
they  attempted  to  share  the  patient  care  duties  for  implant  patients 
as  equally  as  possible  among  the  designated  nurses. 

In  this  case,  all  possible  responses  except  "take  no  action"  were 
considered  because  it  was  felt  that  the  institution  had,  in  the  past, 
provided  the  same  level  of  workload  and  care  at  a  lower  collective 
dose.  Thus,  the  options  were  to  modify  shielding,  modify  procedures 
or  modify  personnel  and/or  training.  Nursing  care  procedures  for 
brachytherapy  patients  were  reviewed,  but  considered  not  amenable 
to  significant  changes  without  affecting  the  quality  of  patient  care. 
The  two  remaining  options  were  to  increase  the  level  of  radiation 
safety  training  and  awareness  on  the  part  of  the  nursing  staff  and 
to  purchase  additional  shielding  in  the  form  of  portable  shields.  Two 
portable  shields  were  considered  for  purchase  at  a  cost  of  $3,000  and 
an  expected  lifetime  often  years.  The  portable  shields  would  reduce 
torso  exposure  but  not  head  and  neck  exposure.  It  was  estimated 
that  the  portable  shields  might  reduce  the  effective  whole  body  collec- 
tive dose  by  approximately  15  person-mSv  per  year,  although  this 
reduction  would  not  necessarily  be  reflected  in  personnel  monitoring 
records,  since  the  film  badges  were  often  worn  on  the  collar.  The 
approximate  cost  of  reduction  was  thus  estimated  to  be  $20,000/ 
person-Sv.  In  reviewing  the  options  with  the  radiation  safety  com- 
mittee a  two-step  approach  was  adopted.  First,  increased  effort  was 
put  into  in-service  training  of  the  oncology  ward  nurses  concerning 
the  principles  of  radiation  safety  when  working  with  implant 
patients.  Second,  it  was  decided  to  purchase  the  portable  shields. 
This  was  a  result  of  the  radiation  safety  committee's  acceptance  of 
the  $20,000/person-Sv  figure  and  a  result  of  their  belief  that  the 
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portable  shields  might  have  additional  subjective  value  in  assuring 
the  staff  that  every  reasonable  effort  was  being  expended  on  their 
behalf.  It  should  be  noted  that  another  institution  might  consider 
the  purchase  of  portable  shields  not  to  be  justified. 


9.   Implementation  of 
ALARA  in  Dentistry 


9.1   Occupational  Exposure  in  Dentistry 

Ionizing  radiation  is  used  in  dental  practice  only  for  radiography. 
The  overwhelming  majority  of  use  is  for  conventional  dental  radiog- 
raphy. However,  use  of  panoramic  radiography  is  growing  and  its 
influence  on  occupational  exposure  has  not  been  determined.  The 
only  other  projection  used  with  significant  frequency  in  current  den- 
tistry is  the  lateral  cephalogram 

As  with  any  radiographic  installation,  the  only  significant  source 
of  occupational  exposure  in  dentistry  is  scatter  from  the  patient. 
With  modern  equipment,  tubehead  leakage  is  minimal.  A  relatively 
insignificant  source  of  scatter  that  has  received  much  attention  in 
the  dental  literature  in  recent  years  is  the  pointer  cone,  which  until 
recently  was  used  as  an  aiming  device  on  virtually  all  conventional 
dental  x-ray  machines.  Its  use  placed  a  thin  layer  of  low-Z  material 
in  the  beam.  Currently,  most  states  require  use  of  an  open  cylinder 
as  an  aiming  device;  many  require  that  the  cylinder  be  lined  with 
lead  to  absorb  scatter  arising  from  the  filter. 


9.2   Normative  Patterns  of  Occupational  Exposure  and 
Workload,  and  Indicators  for  Suspicion  of 
Non- ALARA  Situations 

As  shown  in  Table  9.1  (EPA,  1984),  the  number  of  occupationally- 
exposed  individuals  in  dentistry  has  increased  dramatically  since 


Table  9.1 — Occupational  dose  equivalent  in  dentistry  (after  EPA,  1984). 


Year 

1960 

1965 

1970 

1975 

1980 

1985a 

Workers  (thousands) 

135 

150 

177 

215 

259 

305 

Mean  annual  dose 

equivalent  (mSv) 

1.1 

0.8 

0.6 

0.4 

0.2 

0.1 

Collective  dose 

equivalent  (person-Sv) 

150 

120 

100 

80 

60 

30 

Estimated 
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1960.  However,  the  mean  annual  occupational  dose  equivalent  has 
undergone  a  greater  proportional  decrease,  so  that  the  collective  dose 
has  decreased  at  a  greater  rate  than  that  of  any  other  subgroup 
within  medicine  and  dentistry. 

Dentistry  accounts  for  the  largest  single  subgroup  of  occupational- 
ly-exposed  individuals  in  medicine  and  dentistry.  In  1980,  the  dental 
work  force  comprised  44  percent  of  all  potentially  exposed  persons 
in  medicine  and  dentistry,  and  20  percent  of  potentially  exposed 
persons  of  all  occupations  (EPA,  1984).  In  comparison,  in  1975,  den- 
tistry accounted  for  49  percent  of  potentially  exposed  persons  in 
medicine  and  dentistry,  and  24  percent  of  all  potentially  exposed 
persons  of  all  occupations.  Thus,  the  dental  work  force  has  not  grown 
as  rapidly  as  have  other  segments  of  the  occupationally-exposed 
population. 

All  available  studies  have  indicated  that  virtually  all  of  the  collec- 
tive dose  from  occupational  exposure  in  dentistry  has  resulted  from 
exposure  of  a  small  segment  of  dental  workers.  In  1980,  although 
the  mean  annual  dose  equivalent  for  dentistry  was  0.2  mSv,  it  was 
0.7  mSv  for  those  dental  workers  who  received  measurable  exposure. 
More  than  95  percent  of  dentists  and  dental  auxiliary  personnel 
received  less  than  0.1  mSv,  the  usual  threshold  of  detection  in  1980, 
and  more  than  98  percent  received  less  than  0.5  mSv  (EPA,  1984). 
A  1976  study  found  measurable  occupational  dose  equivalent  in  only 
2.5  percent  of  dental  personnel,  and  estimated  the  mean  annual 
occupational  dose  equivalent  as  less  than  0.05  mSv  (Crabtree  et  al., 
1976).  None  of  these  studies  related  occupational  dose  equivalent  to 
workload. 

Because  dentistry  contributes  only  15  percent  of  the  collective  dose 
equivalent  of  medicine  and  dentistry,  and  only  3.7  percent  of  all 
occupations,  and  because  well  over  90  percent  of  dental  personnel 
receive  less  than  measurable  exposures,  major  changes  in  dental 
occupational  exposures  result  in  only  small  changes  for  medical 
occupational  exposure  as  a  whole.  It  is  tempting  to  conclude  that 
further  occupational  exposure  reduction  in  dentistry  may  not  be 
cost-effective.  Conversely,  any  measurable  occupational  exposure  to 
dental  personnel  may  be  regarded  as  indicative  of  a  non-ALARA 
situation,  since  it  appears  that  more  than  90  percent  of  dental  person- 
nel can  perform  their  radiographic  duties  without  incurring  measur- 
able exposure.  It  thus  seems  reasonable  to  examine  any  measurable 
occupational  exposure  to  dental  personnel  with  the  aim  of  eliminat- 
ing it.  Because  of  the  small  exposures  involved,  however,  it  may  be 
necessary  to  limit  optimization  procedures  to  those  that  incur  little 
or  no  cost  and  certainly  have  no  adverse  effect  on  patient  care. 
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9.3   Specific  Examples  of  Optimization  Decisions  in 
Implementing  ALARA 

The  previously-cited  1976  study  found  that  measurable  occupa- 
tional exposure  in  dentistry  was  almost  always  associated  with  a 
breakdown  of  routine  radiation  protection,  principally  the  absence 
of  sufficient  distance  or  a  barrier  between  the  operator  and  the  x-ray 
source  (Crabtree  et  al.,  1976).  Anecdotal  evidence  also  suggests  that 
formal  shielding  designs  are  rarely  conducted  by  consultants  in  den- 
tal office  design.  This  suggests  that  there  is  potential  for  improve- 
ments in  dental  radiation  protection. 

Application  of  the  ALARA  principle  to  radiation  protection  in 
dentistry  may  be  illustrated  by  a  hypothetical  example.  A  new  dental 
facility  has  opened  for  operation  employing  four  dentists  and  one 
dental  hygienist  as  appropriately  credentialed  operators  of  x-ray 
equipment.  The  hygienist  exposed  more  than  90  percent  of  the  radio- 
graphs in  the  small  x-ray  cubicle.  Because  of  available  historical 
data  from  other  facilities,  the  IRR  is  set  from  "minimum  detectable" 
to  0.15  mSv  per  quarter.  Data  must  be  accumulated  before  the  CRR 
can  be  set.  The  first  quarterly  report  indicates  that  the  hygienist 
has  received  0.3  mSv.  Although  small  in  comparison  to  exposure 
typically  observed  for  medical  x-ray  workers,  this  exposure  is  consid- 
ered significant  in  comparison  to  exposures  typically  observed  for 
dental  x-ray  workers.  Evaluation  of  the  situation  finds  that  there  is 
inadequate  space  for  the  hygienist  to  move  to  a  sufficient  distance 
from  the  x-ray  machine,  and  no  barrier  is  available.  An  appropriate 
shield  could  have  been  included  in  the  original  construction  at  trivial 
cost.  However,  with  aesthetic  considerations,  addition  of  such  a 
shield  to  the  facility  is  estimated  to  cost  some  $500.  The  decision  is 
made  to  install  the  shield,  although  its  cost-effectiveness  is  at  best 
marginal.  Another  facility  might  decide  not  to  do  so.  Psychological 
factors,  such  as  the  response  of  the  exposed  individual,  may  play  a 
role  in  such  decisions. 

If  all  else  is  equal,  operator  exposure  is  directly  proportional  to 
patient  exposure.  Several  recent  developments  provide  mechanisms 
for  reducing  both,  with  either  beneficial  effect  or  no  effect  on  radio- 
graphic image  quality,  and  at  little  or  no  cost.  These  developments 
may  affect  the  implementation  of  ALARA. 

Most  states  currently  require  that  diagnostic  x-ray  beams  be  colli- 
mated  to  the  area  of  clinical  interest  or  to  the  size  of  the  image 
receptor — except  for  intraoral  dental  radiography.  The  conventional 
intraoral  dental  film  is  3.1  x  4.1  cm  but  the  conventional  dental 
beam  is  circular,  with  a  diameter  of  up  to  7  cm  at  skin  entry,  and 
perhaps  8  cm  in  the  film  plane.  The  oversize  beam  has  been  permitted 
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because  the  film  may  be  hidden  in  the  patient's  mouth,  and  a  larger 
field  minimizes  cone  cutting.  However,  beam-film  alignment  devices 
which  provide  for  collimation  of  the  beam  to  the  size  of  the  film  have 
been  commercially  available  for  some  20  years.  Cost  is  moderate — 
about  $250  total  per  facility.  These  devices  provide  additional  bene- 
fits, chiefly  facilitation  of  the  exposure  process  and  improved  image 
quality.  Scatter  exposure  to  the  patient  is  reduced  by  a  factor  of 
about  five  (Gibbs  et  al.,  1984).  Operator  exposure  should  be  similarly 
reduced. 

Direct-exposure,  non-screen  film  is  the  standard  for  intraoral  den- 
tal radiography.  Currently,  virtually  all  dentists  are  using  film  of 
ANSI  speed  group  D  (12  to  24  reciprocal  roentgens).  In  1981,  a  new 
film  with  very  nearly  twice  the  speed  (ANSI  speed  group  E-24  to 
48  reciprocal  roentgens)  was  introduced  by  a  major  manufacturer. 
Acceptance  of  the  film  has  been  slow,  and  it  accounts  for  only  about 
15  percent  of  dental  film  sales  by  its  manufacturer.6  Use  of  the  faster 
films  permits  a  40  percent  reduction  in  patient  exposure  with  no 
change  in  other  technique  factors  or  projection  geometry.  A  similar 
reduction  in  operator  exposure  should  be  observed.  Although  there 
are  anecdotal  reports  of  decreased  image  quality  (as  judged  subjec- 
tively) with  the  new  film,  receiver  operating  characteristic  (ROC) 
analysis  has  demonstrated  no  difference  in  lesion  detection  between 
the  new  film  and  the  standard  (White  et  al.,  1984a;  1984b).  A  xero- 
graphic imaging  system  for  intraoral  use  was  also  introduced  (Gratt 
et  al.,  1979).  This  image  receptor  is  approximately  the  same  speed 
as  the  new  film,  and  maintains  lesion  detectability  as  determined  by 
ROC  analysis  (Langlais,  1981). 

Because  the  purchase  price  of  speed  group  D  and  E  films  is  identi- 
cal, the  cost  of  dose  reduction  by  changing  is  zero.  A  change  to 
xeroradiographic  imaging  requires  an  expenditure  of  a  few  thousand 
dollars  for  the  equipment.  However,  the  expenditure  is  associated 
with  other  advantages  in  addition  to  dose  reduction.  A  dental  prac- 
titioner or  institution  may  decide  to  implement  rectangular  collima- 
tion of  intraoral  x-ray  beams  or  to  convert  to  a  higher-speed  image 
receptor  with  the  major  goal  of  improving  patient  care.  Implement- 
ing the  ALARA  principle  may  be  added  to  the  list  of  reasons  for 
making  such  a  change. 


6Personal  communication  from  Don  Titus,  former  Director,  Dental  Trade  Relations, 
Radiography  Markets  Division,  Eastman  Kodak  Company,  Rochester,  N.Y. 


10.  Conclusion 


The  requirement  that  all  occupational  exposures  be  as  low  as 
reasonably  achievable  is  essentially  a  requirement  that  professional 
experience,  reasoning  and  judgement  be  utilized  in  the  supervision 
of  radiation  protection.  There  are  many  ways  in  which  reason  and 
judgement  may  be  exercised.  Previous  sections  proferred  guidance  in 
the  form  of  a  model  system  based  upon  awareness,  analysis,  rational 
decision  making  and  follow  up.  A  minimum  requirement  of  an 
ALARA  program  is  an  ongoing  awareness  of  the  patterns  of  occupa- 
tional exposure  that  goes  beyond  simple  assurance  that  dose  limits 
are  being  satisfied.  The  use  of  reference  levels  in  conjunction  with 
the  routine  review  of  personnel  monitoring  data  offers  a  method  of 
assuring  awareness  and  focussing  effort.  Attainment  of  exposure 
that  is  as  low  as  reasonably  achievable  requires  that  decisions  be 
made  between  different  levels  of  radiation  protection  and  different 
levels  of  resource  expenditure. 

Previous  sections  have  emphasized  that  ALARA  decisions  should 
constitute  an  optimization  process,  and  that  one  possible  method  of 
optimization  is  cost  benefit  analysis.  The  problems  inherent  in  cost- 
benefit  analysis  for  operational  radiation  safety  in  a  health  care 
environment  place  limits  on  its  formal  use.  Hence,  the  current  impor- 
tance of  cost-benefit  analysis  is  primarily  as  a  conceptual  model  to 
guide  the  decision-making  process. 

Finally,  the  implementation  and  operation  of  the  ALARA  concept 
were  illustrated  through  the  use  of  hypothetical  examples.  This  was 
done  to  emphasize  the  diversity  of  situations  encountered  in  occupa- 
tional exposures  in  medicine  and  dentistry,  to  avoid  the  codification 
of  ALARA  into  a  set  of  rules  and  numerical  limits,  and  to  encourage 
institutions  to  adapt  and  customize  the  model  system  to  fit  local 
needs  and  capabilities. 

The  maintenance  of  exposure  levels  that  are  as  low  as  reasonably 
achievable  is  a  challenging  and  important  task.  It  is  essential,  how- 
ever, to  adequate  radiation  protection. 
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Glossary 

absorbed  dose  (D)x  The  energy  imparted  per  unit  mass  by  ionizing 
radiation  to  matter  at  a  specified  point.  The  SI  unit  of  absorbed 
dose  is  joule  per  kilogram  (J/kg).  The  special  name  for  this  unit  is 
gray  (Gy).  (See  Report  No.  82,  NCRP,  1985b). 

activity  (A):  The  number  of  nuclear  transitions  occurring  in  a  given 
quantity  of  radioactive  material  per  unit  time.  The  SI  unit  of 
activity  is  s*1.  The  special  name  for  the  unit  of  activity  is  becquerel 
(Bq).  (See  Report  No.  82,  NCRP,  1985b). 

air  kerma:  See  kerma. 

ALARA:  A  principle  of  radiation  protection  that  encourages  man- 
agement to  limit  radiation  exposures  of  exposed  persons.  As  Low 
As  Reasonably  Achievable,  economic  and  social  factors  being 
taken  into  account. 

angiography:  The  radiographic  visualization  of  blood  vessels  fol- 
lowing introduction  of  contrast  material,  cerebral  a.,  radiography 
of  the  vascular  system  of  the  brain  after  injection  of  contrast  mate- 
rial into  the  arterial  blood  stream,  coronary  a.,  radiographic 
visualization  of  the  coronary  arteries  after  the  introduction  of 
contrast  material,  digital  subtraction  a.,  radiographic  visualiza- 
tion of  blood  vessels,  with  images  produced  by  subtracting  back- 
ground structures  and  enhancing  the  contrast  of  those  areas  that 
change  in  density  between  a  preliminary  "mask"  image  and  subse- 
quent images. 

angioplasty:  Reconstruction  of  blood  vessels,  percutaneous  trans- 
luminal a.,  dilatation  of  a  blood  vessel  by  means  of  a  balloon 
catheter  inserted  through  the  skin  and  into  the  chosen  vessel  and 
then  passed  through  the  lumen  of  the  vessel  to  the  site  of  the 
lesion,  where  the  balloon  is  inflated  to  flatten  plaque  against  the 
artery  wall. 

becquerel  (Bq):  The  special  name  for  the  SI  unit  of  activity.  One 
becquerel  is  one  reciprocal  second  or  1  s"1.  3.7  x  1010Bq  =  1  Ci. 

brachytherapy:  Use  of  an  encapsulated  source  to  deliver  gamma 
or  beta  radiation  at  a  distance  up  to  a  few  centimeters  by  surface, 
intracavitary  or  interstetial  application. 
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cardiac  catheterization:  Passage  of  a  small  catheter  through  a 
vein  in  an  arm,  leg  or  neck  and  into  the  heart,  permitting  the 
securing  of  blood  samples,  determination  of  intracardiac  pressure 
and  detection  of  cardiac  anomalies. 

cinefluorography:  The  making  of  a  motion  picture  record  of  the 
successive  images  appearing  on  a  fluoroscopic  screen;  called  also 
cine. 

collective  dose  equivalent  (S):  Most  frequently  the  product  of  the 
mean  dose  equivalent  for  a  population  and  the  number  of  persons 
in  the  population,  but,  more  precisely,  and  preferably,  the  sum  of 
all  individual  dose  equivalents  in  the  population  of  concern. 

collective  reference  range  (CRR):  That  range  of  collective  dose 
equivalent  values  that,  if  exceeded,  automatically  triggers  optimi- 
zation activity. 

computed  tomography  (CT):  An  imaging  procedure  that  uses  mul- 
tiple x-ray  transmission  measurements  and  a  computer  program 
to  generate  tomographic  images  of  the  patient. 

digital  radiography:  A  diagnostic  procedure  using  an  appropriate 
radiation  source  and  imaging  system  which  collects,  processes, 
stores,  recalls  and  presents  image  information  in  a  digital  rather 
than  analog  fashion. 

digital  subtraction:  An  image  processing  procedure  used  to  improve 
image  contrast  by  subtracting  one  digitized  image  from  another. 

dose  equivalent  (H):  A  quantity,  defined  for  radiation  protection 
purposes,  that  expresses  on  a  common  scale  for  all  radiations,  the 
irradiation  incurred  by  exposed  persons.  It  is  defined  as  the  product 
of  the  absorbed  dose  (D)  and  the  quality  factor  (Q).  The  name  for 
the  unit  of  dose  equivalent  (J  Kg1)  is  the  sievert  (Sv). 

effective  dose  equivalent  (HE):  The  sum  over  specified  tissues  of 
the  products  of  the  dose  equivalent  (H)  in  a  tissue  (T)  and  the 
weighting  factor  for  that  tissue  (wT),  i.e.,  HE  =  2  wTHT(NCRP, 
1987a).  Also  HE  =  Hwh  (See  whole  body  dose  equivalent). 

embolization:  Therapeutic  introduction  of  a  substance  into  a  vessel 
in  order  to  occlude  it. 

exposure:  In  this  report,  exposure  is  used  most  often  in  its  more 
general  sense  and  not  as  the  specifically  defined  radiation  quan- 
tity. In  certain  instances  "exposure"  is  used  in  a  formal  sense  as  a 
measure  of  the  quantity  of  x  or  gamma  radiation  based  upon  its 
ability  to  ionize  air  through  which  it  passes.  The  SI  unit  of  exposure 
is  coulomb  per  kilogram. 

generator:  Device  that  uses  a  parent  radionuclide  to  obtain  its 
product,  the  daughter  radionuclide,  usually  by  adding  a  solution 
that  only  interacts  with  the  daughter  (e.g.,  99mTc  from  "Mo). 
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gray  (Gy):  The  special  name  for  the  SI  unit  of  absorbed  dose,  kerma, 
and  specific  energy  imparted.  1  Gy  =  1  J  Kg"1. 

image  intensifier:  An  x-ray  image  receptor  which  increases  the 
brightness  of  a  fluoroscopic  image  by  electronic  amplification  and 
image  minification. 

image  receptor:  A  system  for  deriving  a  diagnostically  usable 
image  from  the  x  rays  transmitted  through  the  patient.  Examples: 
screen-film  system;  stimulable  phosphor;  solid  state  detector. 

individual  reference  range  (IRR):  That  range  of  individual  dose 
equivalent  values  that,  if  exceeded,  automatically  triggers  optimi- 
zation activity. 

interventional  radiology:  Diagnostic  and  therapeutic  radiologic 
techniques  that  entail  manipulation  within  the  body  after  intro- 
duction of  a  catheter  or  other  instrument  through  a  natural  open- 
ing or  through  the  skin. 

kerma:  The  sum  of  the  initial  kinetic  energies  of  all  the  charged 
ionizing  particles  liberated  by  uncharged  ionizing  particles  per 
unit  mass  of  a  specified  material.  Kerma  is  measured  in  the  same 
unit  as  absorbed  dose.  The  SI  unit  of  kerma  is  joule  per  kilogram 
and  its  special  name  is  gray  (Gy).  Kerma  can  be  quoted  for  any 
specified  material  at  a  point  in  free  space  or  in  an  absorbing 
medium. 

MDL  (minimum  detectable  level):  The  threshold  of  detection  for 

the  device  in  question, 
monitor,  personnel:  See  personnel  monitor, 
negligible  individual  risk  level  (NIRL):  A  level  of  risk  that  can 

be  dismissed,  nominally  an  annual  risk  of  10  7  (NCRP,  1987a).  This 

risk  is  that  associated  with  an  annual  effective  dose  equivalent  of 

0.01  mSv. 

occupational  exposure:  The  exposure  of  an  individal  to  ionizing 
radiation  in  the  course  of  employment  in  which  the  individuals 
normal  duties  or  authorized  activities  necessarily  involve  the  like- 
lihood of  exposure  to  ionizing  radiation. 

optimal  radiation  protection:  In  this  report,  that  level  of  radiation 
protection  that,  when  either  increased  or  decreased,  results  in 
decreased  net  benefit.  Hence  optimal  radiation  protection  yields 
the  greatest  net  benefit  to  society. 

optimization  of  radiation  protection:  The  process  of  determining 
and  providing  optimal  radiation  protection.  This  has  the  same 
meaning  as  ALARA. 

organ  weighting  factor  (wT):  A  factor  that  indicates  the  ratio  of 
the  risk  of  stochastic  effects  attributable  to  irradiation  of  a  given 
organ  or  tissue  (T)  to  the  total  risk  when  the  whole  body  is  uni- 
formly irradiated. 
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personnel  dosimeters:  Devices  designed  to  be  worn  or  carried  by 
an  individual  for  the  purpose  of  determining  the  dose  equivalent 
received  (e.g.,  film  badges,  pocket  chambers,  pocket  dosimeters, 
ring  badges,  thermoluminescent  dosimeters,  etc.). 

personnel  monitor:  Also  known  as  personal  monitor.  An  appropri- 
ately sensitive  device  used  to  estimate  the  absorbed  dose  or  effec- 
tive dose  equivalent  received  by  an  individual. 

potentially  exposed:  In  this  report,  all  monitored  and  unmonitored 
personnel  who  have  the  potential  for  being  exposed  to  radiation  in 
the  course  of  their  duties. 

protective  apron:  An  apron  made  of  radiation  absorbing  materials, 
used  to  reduce  radiation  exposure. 

protective  barrier:  A  barrier  of  radiation  absorbing  material(s) 
used  to  reduce  radiation  exposure. 

primary  protective  barrier:  A  protective  barrier  used  to  attenu- 
ate the  useful  beam  for  radiation  protection  purposes, 
secondary  protective  barrier:  A  barrier  sufficient  to  attenuate 
stray  radiation  (scattered  plus  leakage)  for  radiation  protection 
purposes. 

radiation  (ionizing):  Any  electromagnetic  or  particulate  radiation 
capable  of  producing  ions,  directly  or  indirectly,  by  interaction 
with  matter.  Examples  are  x-ray  photons,  charged  atomic  particles 
and  other  ions,  and  neutrons. 

leakage  radiation:  All  radiation  coming  from  within  the  source 
assembly  except  for  the  useful  beam.  (Note:  Leakage  radiation 
includes  the  portion  of  the  radiation  coming  directly  from  the 
source  and  not  absorbed  by  the  source  assembly,  as  well  as  the 
scattered  radiation  produced  within  the  source  assembly), 
scattered  radiation:  Radiation  that,  during  passage  through 
matter  is  changed  in  direction.  (The  change  is  usually  accompanied 
by  a  decrease  in  energy). 

radiation  protection  survey:  An  evaluation  of  the  radiation  safety 
in  and  around  an  installation,  that  includes  radiation  measure- 
ments, inspections,  evaluations  and  recommendations. 

radiation  receptor:  Any  device  that  absorbs  a  portion  of  the  inci- 
dent radiation  energy  and  converts  this  portion  into  another  form 
of  energy  which  can  be  more  easily  used  to  produce  desired  results 
(e.g.,  production  of  an  image).  See  image  receptor. 

radiograph:  A  film  or  other  record  produced  by  the  action  of  x  rays 
on  a  sensitized  surface. 

radiography:  The  production  of  images  on  film  or  other  record  by 
the  action  of  x  rays  transmitted  through  the  patient. 

radiopharmaceutical:  A  radioactive  pharmaceutical  or  chemical 
used  for  diagnostic  or  therapeutic  purposes. 
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radiopharmacy:  The  preparation  of  radioactive  pharmaceuticals 
and  radionuclides.  Also,  the  place  at  which  radiopharmaceuticals 
are  prepared. 

reference  level:  The  predetermined  value  of  a  quantity,  below  a 
limit,  which  triggers  a  specified  course  of  action  when  the  value, 
usually  a  dose  level,  is  exceeded  or  is  expected  to  be  exceeded.  (See 
NCRP  Report  No.  91,  1987a). 

scattered  radiation:  See  radiation. 

secondary  protective  barrier:  See  protective  barrier. 

sealed  source:  A  radioactive  source  sealed  in  a  container  or  having 
a  bonded  cover,  in  which  the  container  or  cover  has  sufficient 
mechanical  strength  to  prevent  contact  with  and  dispersion  of  the 
radioactive  material  under  the  conditions  of  use  for  which  it  was 
designed. 

sievert  (Sv):  The  special  name  for  the  SI  unit  of  dose  equivalent. 
One  sievert  equals  one  joule  per  kilogram. 

spot  film:  A  radiograph  taken  during  a  fluoroscopic  examination  for 
the  purpose  of  providing  a  permanent  record  of  an  area  of  interest 
or  to  verify  the  filling  of  a  void  with  contrast  media. 

stochastic  effects:  Effects,  the  probability  of  which,  rather  than 
their  severity,  is  a  function  of  radiation  dose  without  threshold. 
(More  generally,  stochastic  means  random  in  nature). 

teletherapy:  Treatment  in  which  the  source  of  radiation  is  at  a 
distance  from  the  body,  as  contrasted  to  br  achy  therapy. 

tomography:  A  special  technique  to  show  in  detail  images  of  struc- 
tures lying  in  a  predetermined  plane  of  tissue,  while  blurring  or 
eliminating  detail  in  images  of  structures  in  other  planes. 

whole  body  dose  equivalent  (Hwh):  The  dose  equivalent  associated 
with  the  uniform  irradiation  of  the  whole  body. 

workload  (W):  The  degree  of  use  of  a  radiation  source.  For  x-ray 
machines  operating  at  tube  potentials  below  500  kV,  the  workload 
is  usually  expressed  in  milliampere  minutes  per  week.  For  gamma- 
beam  therapy  sources  and  for  photon-emitting  equipment  operat- 
ing at  500  kV  or  above,  the  workload  is  usually  stated  in  terms  of 
the  weekly  kerma  of  the  useful  beam  at  one  meter  from  the  source 
and  is  expressed  in  grays  per  week  at  one  meter. 
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Currently,  the  following  subgroups  are  actively  engaged  in  for- 
mulating recommendations: 

SC  1       Basic  Radiation  Protection  Criteria 

SC  1-1  Probability  of  Causation  for  Genetic  and  Developmental 
Effects 

SC  1-2  The  Assessment  of  Risk  for  Radiation  Protection  Purposes 
SC  1-3  Collective  Dose 
SC  16     X-Ray  Protection  in  Dental  Offices 
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SC  40     Biological  Aspects  of  Radiation  Protection  Criteria 

SC  40-1  Atomic  Bomb  Survivor  Dosimetry 
SC  46     Operational  Radiation  Safety 

SC  46-2    Uranium  Mining  and  Milling — Radiation  Safety 
Programs 

SC  46-4    Calibration  of  Survey  Instrumentation 
SC  46-5    Maintaining  Radiation  Protection  Records 
SC  46-7    Emergency  Planning 

SC  46-8    Radiation  Protection  Design  Guidelines  for  Particle 

Accelerator  Facilities 
SC  46-9    ALARA  at  Nuclear  Plants 

SC  46-10  Assessment  of  Occupational  Doses  from  Internal  Emitters 

SC  46-11  Radiation  Protection  During  Special  Medical  Procedures 
SC  52     Conceptual  Basis  of  Calculations  of  Dose  Distributions 
SC  57     Internal  Emitter  Standards 

SC  57-2    Respiratory  Tract  Model 

SC  57-6    Bone  Problems 

SC  57-8    Leukemia  Risk 

SC  57-9    Lung  Cancer  Risk 

SC  57-10  Liver  Cancer  Risk 

SC  57-12  Strontium 

SC  57-14  Placental  Transfer 

SC  57-15  Uranium 
SC  59     Human  Population  Exposure  Experience 
SC  63     Radiation  Exposure  Control  in  a  Nuclear  Emergency 

SC  63-1  Public  Knowledge  About  Radiation 

SC  63-2  Criteria  for  Radiation  Instruments  for  the  Public 
SC  64     Environmental  Radioactivity  and  Waste  Management 

SC  64-6    Screening  Models 

SC  64-8    Ocean  Disposal  of  Radioactive  Waste 

SC  64-9    Effects  of  Radiation  on  Aquatic  Organisms 

SC  64-10  Xenon 

SC  64-11  Disposal  of  Low  Level  Waste 
SC  64-16  Uncertainties  in  Dose  Assessment 
SC  65     Quality  Assurance  and  Accuracy  in  Radiation  Protection 
Measurements 

SC  66     Biological  Effects  and  Exposure  Criteria  for  Ultrasound 

SC  67     Biological  Effects  of  Magnetic  Fields 

SC  69     Efficacy  of  Radiographic  Procedures 

SC  71     Radiation  Exposure  and  Potentially  Related  Injury 

SC  75     Guidance  on  Radiation  Received  in  Space  Activities 

SC  76     Effects  of  Radiation  on  the  Embryo-Fetus 

SC  77     Guidance  on  Occupational  and  Public  Exposure  Resulting  from 

Diagnostic  Nuclear  Medicine  Procedures 
SC  78     Practical  Guidance  on  the  Evaluation  of  Human  Exposures  to 

Radiofrequency  Radiation 
SC  79     Extremely  Low-Frequency  Electric  and  Magnetic  Fields 
SC  80     Radiation  Biology  of  the  Skin  (Beta-Ray  Dosimetry) 
SC  81     Assessment  of  Exposures  from  Therapy 
SC  83     Identification  of  Research  Needs 
SC  84     Radionuclide  Contamination 

SC  84-1  Decontamination  and  Decommissioning  of  Facilities 
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SC  84-2  Contaminated  Soil 
SC  85     Risk  of  Lung  Cancer  from  Radon 
SC  86     Hot  Particles  in  Eye,  Ear  and  Lung 

Ad  Hoc  Committee  on  Comparison  of  Radiation  Exposures 

Ad  Hoc  Group  on  Nuclear  Medicine  Misadministration 

Ad  Hoc  Group  on  Plutonium 

Ad  Hoc  Group  on  Radon 

Ad  Hoc  Group  on  Video  Display  Terminals 

Study  Group  on  Comparative  Risk 

Task  Force  on  Occupational  Exposure  Levels 

In  recognition  of  its  responsibility  to  facilitate  and  stimulate  coop- 
eration among  organizations  concerned  with  the  scientific  and  re- 
lated aspects  of  radiation  protection  and  measurement,  the  Council 
has  created  a  category  of  NCRP  Collaborating  Organizations.  Orga- 
nizations or  groups  of  organizations  that  are  national  or  interna- 
tional in  scope  and  are  concerned  with  scientific  problems  involving 
radiation  quantities,  units,  measurements,  and  effects,  or  radiation 
protection  may  be  admitted  to  collaborating  status  by  the  Council. 
The  present  Collaborating  Organizations  with  which  the  NCRP 
maintains  liaison  are  as  follows: 

American  Academy  of  Dermatology 

American  Association  of  Physicists  in  Medicine 

American  College  of  Medical  Physics 

American  College  of  Nuclear  Physicians 

American  College  of  Radiology 

American  Dental  Association 

American  Industrial  Hygiene  Association 

American  Institute  of  Ultrasound  in  Medicine 

American  Insurance  Services  Group 

American  Medical  Association 

American  Nuclear  Society 

American  Occupational  Medical  Association 

American  Podiatric  Medical  Association 

American  Public  Health  Association 

American  Radium  Society 

American  Roentgen  Ray  Society 

American  Society  of  Radiologic  Technologists 

American  Society  for  Therapeutic  Radiology  and  Oncology 

Association  of  University  Radiologists 

Bioelectromagnetics  Society 

College  of  American  Pathologists 

Conference  of  Radiation  Control  Program  Directors 

Electric  Power  Research  Institute 

Federal  Communications  Commission 

Federal  Emergency  Management  Agency 

Genetics  Society  of  America 

Health  Physics  Society 

Institute  of  Nuclear  Power  Operations 
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National  Electrical  Manufacturers  Association 

National  Institute  of  Standards  and  Technology 

Nuclear  Management  and  Resources  Council 

Radiation  Research  Society 

Radiological  Society  of  North  America 

Society  of  Nuclear  Medicine 

United  States  Air  Force 

United  States  Army 

United  States  Department  of  Energy 

United  States  Department  of  Housing  and  Urban  Development 

United  States  Department  of  Labor 

United  States  Environmental  Protection  Agency 

United  States  Navy 

United  States  Nuclear  Regulatory  Commission 
United  States  Public  Health  Service 

The  NCRP  has  found  its  relationships  with  these  organizations  to 
be  extremely  valuable  to  continued  progress  in  its  program. 

Another  aspect  of  the  cooperative  efforts  of  the  NCRP  relates  to 
the  special  liaison  relationships  established  with  various  govern- 
mental organizations  that  have  an  interest  in  radiation  protection 
and  measurements.  This  liaison  relationship  provides:  (1)  an  oppor- 
tunity for  participating  organizations  to  designate  an  individual  to 
provide  liaison  between  the  organization  and  the  NCRP;  (2)  that  the 
individual  designated  will  receive  copies  of  draft  NCRP  reports  (at 
the  time  that  these  are  submitted  to  the  members  of  the  Council) 
with  an  invitation  to  comment,  but  not  vote;  and  (3)  that  new  NCRP 
efforts  might  be  discussed  with  liaison  individuals  as  appropriate, 
so  that  they  might  have  an  opportunity  to  make  suggestions  on  new 
studies  and  related  matters.  The  following  organizations  participate 
in  the  special  liaison  program: 

Australian  Radiation  Laboratory 
Commissariat  a  l'Energie  Atomique  (France) 
Commission  of  the  European  Communities 
Defense  Nuclear  Agency 
Federal  Emergency  Management  Agency 
Japan  Radiation  Council 

National  Institute  of  Standards  and  Technology 

National  Radiological  Protection  Board  (United  Kingdom) 

National  Research  Council  (Canada) 

Office  of  Science  and  Technology  Policy 

Office  of  Technology  Assessment 

Ultrasonics  Institute  of  Australia 

United  States  Air  Force 

United  States  Army 

United  States  Coast  Guard 

United  States  Department  of  Energy 

United  States  Department  of  Health  and  Human  Services 

United  States  Department  of  Labor 
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United  States  Department  of  Transportation 
United  States  Environmental  Protection  Agency 
United  States  Navy 

United  States  Nuclear  Regulatory  Commission 

The  NCRP  values  highly  the  participation  of  these  organizations 
in  the  liaison  program. 

The  Council's  activities  are  made  possible  by  the  voluntary  contri- 
bution of  time  and  effort  by  its  members  and  participants  and  the 
generous  support  of  the  following  organizations: 

Alfred  P.  Sloan  Foundation 

Alliance  of  American  Insurers 

American  Academy  of  Dental  Radiology 

American  Academy  of  Dermatology 

American  Association  of  Physicists  in  Medicine 

American  College  of  Medical  Physics 

American  College  of  Nuclear  Physicians 

American  College  of  Radiology 

American  College  of  Radiology  Foundation 

American  Dental  Association 

American  Hospital  Radiology  Administrators 

American  Industrial  Hygiene  Association 

American  Insurance  Services  Group 

American  Medical  Association 

American  Nuclear  Society 

American  Occupational  Medical  Association 

American  Osteopathic  College  of  Radiology 

American  Podiatric  Medical  Association 

American  Public  Health  Association 

American  Radium  Society 

American  Roentgen  Ray  Society 

American  Society  of  Radiologic  Technologists 

American  Society  for  Therapeutic  Radiology  and  Oncology 

American  Veterinary  Medical  Association 

American  Veterinary  Radiology  Society 

Association  of  University  Radiologists 

Battelle  Memorial  Institute 

Center  for  Devices  and  Radiological  Health 

College  of  American  Pathologists 

Committee  on  Radiation  Research  and  Policy  Coordination 

Commonwealth  of  Pennsylvania 

Defense  Nuclear  Agency 

Eastman  Kodak  Company 

Edison  Electric  Institute 

Edward  Mallinckrodt,  Jr.  Foundation 

EG&G  Idaho,  Inc. 

Electric  Power  Research  Institute 

Federal  Emergency  Management  Agency 

Florida  Institute  of  Phosphate  Research 

Genetics  Society  of  America 

Health  Effects  Research  Foundation  (Kyoto) 
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Health  Physics  Society 

Institute  of  Nuclear  Power  Operations 

James  Picker  Foundation 

Martin  Marietta  Corporation 

National  Aeronautics  and  Space  Administration 

National  Association  of  Photographic  Manufacturers 

National  Cancer  Institute 

National  Electrical  Manufacturers  Association 

National  Institute  of  Standards  and  Technology 

Nuclear  Management  and  Resources  Council 

Radiation  Research  Society 

Radiological  Society  of  North  America 

Richard  Lounsbery  Foundation 

Sandia  National  Laboratory 

Society  of  Nuclear  Medicine 

United  States  Department  of  Energy 

United  States  Department  of  Labor 

United  States  Environmental  Protection  Agency 

United  States  Navy 

United  States  Nuclear  Regulatory  Commission 
Victoreen,  Incorporated 

To  all  of  these  organizations  the  Council  expresses  its  profound 
appreciation  for  their  support. 

Initial  funds  for  publication  of  NCRP  reports  were  provided  by  a 
grant  from  the  James  Picker  Foundation  and  for  this  the  Council 
wishes  to  express  its  deep  appreciation. 

The  NCRP  seeks  to  promulgate  information  and  recommendations 
based  on  leading  scientific  judgment  on  matters  of  radiation  protec- 
tion and  measurement  and  to  foster  cooperation  among  organizations 
concerned  with  these  matters.  These  efforts  are  intended  to  serve 
the  public  interest  and  the  Council  welcomes  comments  and  sugges- 
tions on  its  reports  or  activities  from  those  interested  in  its  work. 


NCRP  Publications 


NCRP  publications  are  distributed  by  the  NCRP  Publications' 
office.  Information  on  prices  and  how  to  order  may  be  obtained  by 
directing  an  inquiry  to: 

NCRP  Publications 

7910  Woodmont  Ave.,  Suite  800 

Bethesda,  Md  20814 

The  currently  available  publications  are  listed  below. 

Proceedings  of  the  Annual  Meeting 

No.  Title 

1  Perceptions  ofR  isk,  Proceedings  of  the  Fifteenth  Annual 

Meeting,  Held  on  March  14-15,  1979  (Including 
Taylor  Lecture  No.  3)  (1980) 

2  Quantitative  Risk  in  Standards  Setting,  Proceedings  of 

the  Sixteenth  Annual  Meeting,  Held  on  April  2-3, 
1980  (Including  Taylor  Lecture  No.  4)  (1981) 

3  Critical  Issues  in  Setting  Radiation  Dose  Limits,  Proceed- 

ings of  the  Seventeenth  Annual  Meeting,  Held  on  April 
8-9,  1981  (Including  Taylor  Lecture  No.  5)  (1982) 

4  Radiation  Protection  and  New  Medical  Diagnostic  Proce- 

dures, Proceedings  of  the  Eighteenth  Annual  Meeting, 
Held  on  April  6-7,  1982  (Including  Taylor  Lecture 
No.  6)  (1983) 

5  Environmental  Radioactivity,  Proceedings  of  the  Nine- 

teenth Annual  Meeting,  Held  on  April  6-7,  1983 
(Including  Taylor  Lecture  No.  7)  (1984) 

6  Some  Issues  Important  in  Developing  Basic  Radiation 

Protection  Recommendations,  Proceedings  of  the 
Twentieth  Annual  Meeting,  Held  on  April  4-5,  1984 
(Including  Taylor  Lecture  No.  8)  (1985) 

7  Radioactive  Waste,  Proceedings  of  the  Twenty-first 

Annual  Meeting,  Held  on  April  3-4,  1985  (Including 
Taylor  Lecture  No.  9)  (1986) 
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8  Nonionizing  Electromagnetic  Radiation  and  Ultrasound, 

Proceedings  of  the  Twenty-second  Annual  Meeting, 
Held  on  April  2-3, 1986  (Including  Taylor  Lecture  No. 
10)  (1988) 

9  New  Dosimetry  at  Hiroshima  and  Nagasaki  and  Its 

Implications  for  Risk  Estimates,  Proceedings  of  the 
Twenty-third  Annual  Meeting,  Held  on  April  5-6, 
1987  (Including  Taylor  Lecture  No.  11)  (1988). 

10  Radon,  Proceedings  of  the  Twenty-fourth  Annual  Meet- 

ing, Held  on  March  30-31, 1988  (Including  Taylor  Lec- 
ture No.  12)  (1989). 

11  Radiation  Protection  Today— The  NCRP  at  Sixty  Years, 

Proceedings  of  the  Twenty-fifth  Annual  Meeting,  Held 
on  April  5-6,  1989  (Including  Taylor  Lecture  No.  13) 
(1990). 

Symposium  Proceedings 

The  Control  of  Exposure  of  the  Public  to  Ionizing  Radiation  in  the 
Event  of  Accident  or  Attack,  Proceedings  of  a  Symposium  held  April 
27-29,  1981  (1982) 

Lauriston  S.  Taylor  Lectures 

No.  Title  and  Author 

1  The  Squares  of  the  Natural  Numbers  in  Radiation  Protec- 

tion by  Herbert  M.  Parker  (1977) 

2  Why  be  Quantitative  About  Radiation  Risk  Estimates? 

by  Sir  Edward  Pochin  (1978) 

3  Radiation  Protection — Concepts  and  Trade  Offs  by 

Hymer  L.  Friedell  (1979)  [Available  also  in  Perceptions 
of  Risk,  see  above] 

4  From  "Quantity  of  Radiation"  and  "Dose"  to  "Exposure" 

and  "Absorbed  Dose"— An  Historical  Review  by  Harold 
O.  Wyckoff  (1980)  [Available  also  in  Quantitative  Risks 
in  Standards  Setting,  see  above] 

5  How  Well  Can  We  Assess  Genetic  Risk?  Not  Very  by 

James  F.  Crow  (1981)  [Available  also  in  Critical  Issues 
in  Setting  Radiation  Dose  Limits,  see  above] 

6  Ethics,  Trade-offs  and  Medical  Radiation  by  Eugene  L. 

Saenger  (1982)  [Available  also  in  Radiation  Protection 
and  New  Medical  Diagnostic  Approaches,  see  above] 
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7  The  Human  Environment-Past,  Present  and  Future  by 

Merril  Eisenbud  (1983)  [Available  also  in  Environ- 
mental Radioactivity,  see  above] 

8  Limitation  and  Assessment  in  Radiation  Protection  by 

Harald  H.  Rossi  (1984)  [Available  also  in  Some  Issues 
Important  in  Developing  Basic  Radiation  Protection 
Recommendations,  see  above] 

9  Truth  ( and  Beauty)  in  Radiation  Measurement  by  John 

H.  Harley  (1985)  [Available  also  in  Radioactive  Waste, 
see  above] 

10  Nonionizing  Radiation  Bioeffects:  Cellular  Properties 

and  Interactions  by  Herman  P.  Schwan  (1986)  [Avail- 
able also  in  Nonionizing  Electromagnetic  Radiations 
and  Ultrasound,  see  above] 

11  How  to  be  Quantitative  about  Radiation  Risk  Estimates 

by  Seymour  Jablon  (1987)  [Available  also  in  New 
Dosimetry  at  Hiroshima  and  Nagasaki  and  its  Implica- 
tions for  Risk  Estimates,  see  above] 

12  How  Safe  is  Safe  Enough?  by  Bo  Lindell  (1988)  [Avail- 

able also  in  Radon,  See  above] 

13  Radiobiology  and  Radiation  Protection:  The  Past  Cen- 

tury and  Prospects  for  the  Future  by  Arthur  C.  Upton 
(1989)  [Available  also  in  Radiation  Protection  Today— 
The  NCRP  at  Sixty  Years,  See  above] 

14  Radiation  Protection  and  the  Internal  Emitter  Saga  by 

J.  Newell  Stannard  (1990) 

NCRP  Commentaries 

No.  Title 

1  Krypton-85  in  the  Atmosphere— With  Specific  Reference 

to  the  Public  Health  Significance  of  the  Proposed  Con- 
trolled Release  at  Three  Mile  Island  (1980) 

2  Preliminary  Evaluation  of  Criteria  for  the  Disposal  of 

Transuranic  Contaminated  Waste  (1982) 

3  Screening  Techniques  for  Determining  Compliance  with 

Environmental  Standards  (1986),  Rev.  (1989) 

4  Guidelines  for  the  Release  of  Waste  Water  from  Nuclear 

Facilities  with  Special  Reference  to  the  Public  Health 
Significance  of  the  Proposed  Release  of  Treated  Waste 
Waters  at  Three  Mile  Island  (1987) 

5  Living  Without  Landfills  (1989) 
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NCRP  Reports 


Title 

Control  and  Removal  of  Radioactive  Contamination  in 
Laboratories  (1951) 

Maximum  Permissible  Body  B  urdens  and  Maximum  Per- 
missible Concentrations  of  Radionuclides  in  Air  and 
in  Water  for  Occupational  Exposure  (1959)  [Includes 
Addendum  1  issued  in  August  1963] 

Measurement  of  Neutron  Flux  and  Spectra  for  Physical 
and  Biological  Applications  (1960) 

Measurement  of  Absorbed  Dose  of  Neutrons  and  Mixtures 
of  Neutrons  and  Gamma  Rays  (1961) 

Stopping  Powers  for  Use  with  Cavity  Chambers  (1961) 

Safe  Handling  of  Radioactive  Materials  (1964) 

Radiation  Protection  in  Educational  Institutions  (1966) 

Dental  X-Ray  Protection  (1970) 

Radiation  Protection  in  Veterinary  Medicine  (1970) 

Precautions  in  the  Management  of  Patients  Who  Have 
Received  Therapeutic  Amounts  of  Radionuclides  (1970) 

Protection  Against  Neutron  Radiation  (1971) 

Protection  Against  Radiation  from  Brachy therapy 
Sources  (1972) 

Specifications  of  Gamma-Ray  Brachytherapy  Sources 
(1974) 

Radiological  Factors  Affecting  Decision-Making  in  a 
Nuclear  Attack  (1974) 

Krypton-85  in  the  Atmosphere— Accumulation,  Biologi- 
cal Significance,  and  Control  Technology  (1975) 

Alpha-Emitting  Particles  in  Lungs  (1975) 

Tritium  Measurement  Techniques  (1976) 

Structural  Shielding  Design  and  Evaluation  for  Medical 
Use  of  X  Rays  and  Gamma  Rays  of  Energies  Up  to  10 
MeV  (1976) 

Environmental  Radiation  Measurements  (1976) 
Radiation  Protection  Design  Guidelines  for  0.1-100  MeV 

Particle  Accelerator  Facilities  (1977) 
Cesium-137  from  the  Environment  to  Man:  Metabolism 

and  Dose  (1977) 
Review  of  NCRP  Radiation  Dose  Limit  for  Embryo  and 

Fetus  in  Occupationally  Exposed  Women  (1977) 
Medical  Radiation  Exposure  of  Pregnant  and  Potentially 

Pregnant  Women  (1977) 
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55       Protection  of  the  Thyroid  Gland  in  the  Event  of  Releases 
of  Radioiodine  (1977) 

57  Instrumentation  and  Monitoring  Methods  for  Radiation 

Protection  (1978) 

58  A  Handbook  of  Radioactivity  Measurements  Procedures, 

2nd  ed.  (1985) 

59  Operational  Radiation  Safety  Program  (1978) 

60  Physical,  Chemical,  and  Biological  Properties  of  Radio- 

cerium  Relevant  to  Radiation  Protection  Guidelines 
(1978) 

61  Radiation  Safety  Training  Criteria  for  Industrial 

Radiography  (1978) 

62  Tritium  in  the  Environment  (1979) 

63  Tritium  and  Other  Radionuclide  Labeled  Organic  Com- 

pounds Incorporated  in  Genetic  Material  (1979) 

64  Influence  of  Dose  and  Its  Distribution  in  Time  on  Dose- 

Response  Relationships  for  Low-LET  Radiations  (1980) 

65  Management  of  Persons  Accidentally  Contaminated  with 

Radionuclides  (1980) 

66  Mammography  (1980) 

67  Radiofreqency   Electromagnetic   Fields — Properties, 

Quantities  and  Units,  Biophysical  Interaction,  and 
Measurements  (1981) 

68  Radiation  Protection  in  Pediatric  Radiology  (1981) 

69  Dosimetry  ofX-Ray  and  Gamma-Ray  Beams  for  Radia- 

tion Therapy  in  the  Energy  Range  10  keV  to  50  MeV 
(1981) 

70  Nuclear  Medicine— Factors  Influencing  the  Choice  and 

Use  of  Radionuclides  in  Diagnosis  and  Therapy  (1982) 

71  Operational  Radiation  Safety — Training  (1983) 

72  Radiation  Protection  and  Measurement  for  Low  Voltage 

Neutron  Generators  (1983) 

73  Protection  in  Nuclear  Medicine  and  Ultrasound  Diag- 

nostic Procedures  in  Children  (1983) 

74  Biological  Effects  of  Ultrasound:  Mechanisms  and  Clin- 

ical Implications  (1983) 

75  Iodine-129:  Evaluation  of  Releases  from  Nuclear  Power 

Generation  (1983) 

76  Radiological  Assessment:  Predicting  the  Transport, 

Bioaccumulation,  and  Uptake  by  Man  of  Radionuclides 
Released  to  the  Environment  (1984) 

77  Exposures  from  the  Uranium  Series  with  Emphasis  on 

Radon  and  its  Daughters  (1984) 
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78  Evaluation  of  Occupational  and  Environmental  Expo- 

sures to  Radon  and  Radon  Daughters  in  the  United 
States  (1984) 

79  Neutron  Contamination  from  Medical  Electron  Acceler- 

ators (1984) 

80  Induction  of  Thyroid  Cancer  by  Ionizing  Radiation  (1985) 

81  Carbon-14  in  the  Environment  (1985) 

82  SI  Units  in  Radiation  Protection  and  Measurements  (1985) 

83  The  Experimental  Basis  for  Absorbed-Dose  Calculations 

in  Medical  Uses  of  Radionuclides  (1985) 

84  General  Concepts  for  the  Dosimetry  of  Internally  Depos- 

ited Radionuclides  (1985) 

85  Mammography— A  User's  Guide  (1986) 

86  Biological  Effects  and  Exposure  Criteria  for  Radiofre- 

quency  Electromagnetic  Fields  (1986) 

87  Use  of  Bioassay  Procedures  for  Assessment  of  Internal 

Radionuclide  Deposition  (1987) 

88  Radiation  Alarms  and  Access  Control  Systems  (1987) 

89  Genetic  Effects  of  Internally  Deposited  Radionuclides 

(1987) 

90  Neptunium:  Radiation  Protection  Guidelines  (1987) 

91  Recommendations  on  Limits  for  Exposure  to  Ionizing 

Radiation  (1987) 

92  Public  Radiation  Exposure  from  Nuclear  Power  Genera- 

tion in  the  United  States  (1987) 

93  Ionizing  Radiation  Exposure  of  the  Population  of  the 

United  States  (1987) 

94  Exposure  of  the  Population  in  the  U nited  States  and  Can- 

ada from  Natural  Background  Radiation  (1987) 

95  Radiation  Exposure  of  the  U.S.  Population  from  Con- 

sumer Products  and  Miscellaneous  Sources  (1987) 

96  Comparative  Carcinogenesis  of  Ionizing  Radiation  and 

Chemicals  (1989) 

97  Measurement  of  Radon  and  Radon  Daughters  in  Air  (1988) 

98  Guidance  on  Radiation  Received  in  Space  Activities  (1989) 

99  Quality  Assurance  for  Diagnostic  Imaging  (1988) 

100  Exposure  of  the  U.S.  Population  from  Diagnostic  Medical 

Radiation  (1989) 

101  Exposure  of  the  U.S.  Population  From  Occupational 

Radiation  (1989) 

102  Medical  X-Ray,  Electron  Beam  and  Gamma-Ray  Protec- 

tion For  Energies  Up  To  50  MeV  (Equipment  Design, 
Performance  and  Use)  (1989) 
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103  Control  of  Radon  in  Houses  (1989) 

104  The  Relative  Biological  Effectiveness  of  Radiations  of  Dif- 

ferent Qualities  (1990) 

105  Radiation  Protection  for  Medical  and  Allied  Health  Per- 

sonnel (1989) 

106  Limits  of  Exposure  to  "Hot  Particles"  on  the  skin  (1989) 

107  Implementation  of  the  Principle  of  As  Low  As  Reasonably 

Achievable  (ALAR A)  For  Medical  and  Dental  Person- 
nel (1990) 

Binders  for  NCRP  Reports  are  available.  Two  sizes  make  it  possible 
to  collect  into  small  binders  the  "old  series"  of  reports  (NCRP  Reports 
Nos.  8-30)  and  into  large  binders  the  more  recent  publications 
(NCRP  Reports  Nos.  32-107).  Each  binder  will  accommodate  from 
five  to  seven  reports.  The  binders  carry  the  identification  "NCRP 
Reports"  and  come  with  label  holders  which  permit  the  user  to  attach 
labels  showing  the  reports  contained  in  each  binder. 

The  following  bound  sets  of  NCRP  Reports  are  also  available: 

Volume  I.  NCRP  Reports  Nos.  8,  22 
Volume  II.  NCRP  Reports  Nos.  23,  25,  27,  30 
Volume  III.  NCRP  Reports  Nos.  32,  35,  36,  37 
Volume  IV.  NCRP  Reports  Nos.  38,  40,  41 
Volume  V.  NCRP  Reports  Nos.  42,  44,  46 
Volume  VI.  NCRP  Reports  Nos.  47,  49,  50,  51 
Volume  VII.  NCRP  Reports  Nos.  52,  53,  54,  55,  57 
Volume  VIII.  NCRP  Reports  No.  58 
Volume  IX.  NCRP  Reports  Nos.  59,  60,  61,  62,  63 
Volume  X.  NCRP  Reports  Nos.  64,  65,  66,  67 
Volume  XI.  NCRP  Reports  Nos.  68,  69,  70,  71,  72 
Volume  XII.  NCRP  Reports  Nos.  73,  74,  75,  76 
Volume  XIII.  NCRP  Reports  Nos.  77,  78,  79,  80 
Volume  XIV.  NCRP  Reports  Nos.  81,  82,  83,  84,  85 
Volume  XV.  NCRP  Reports  Nos.  86,  87,  88,  89 
Volume  XVI.  NCRP  Reports  Nos.  90,  91,  92,  93 
Volume  XVII.  NCRP  Reports  Nos.  94,  95,  96,  97 
Volume  XVIII.  NCRP  Reports  Nos.  98,  99,  100 

(Titles  of  the  individual  reports  contained  in  each  volume  are  given 
above). 

The  following  NCRP  Reports  are  now  superseded  and/or  out  of 
print: 
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No.  Title 

1  X-Ray  Protection  (1931).  [Superseded  by  NCRP  Report 

No.  3] 

2  Radium  Protection  (1934).  [Superseded  by  NCRP  Report 

No.  4] 

3  X-Ray  Protection  (1936).  [Superseded  by  NCRP  Report 

No.  6] 

4  Radium  Protection  (1938).  [Superseded  by  NCRP  Report 

No.  13] 

5  Safe  Handling  of  Radioactive  Luminous  Compounds 

(1941).  [Out  of  Print] 

6  Medical  X-Ray  Protection  Up  to  Two  Million  Volts  (1949) . 

[Superseded  by  NCRP  Report  No.  18] 

7  Safe  Handling  of  Radioactive  Isotopes  (1949).  [Super- 

seded by  NCRP  Report  No.  30] 
9      Recommendations  for  Waste  Disposal  of  Phosphorus -32 
and  Iodine -131  for  Medical  Users  (1951).  [Out  of  Print] 

10  Radiological  Monitoring  Methods  and  Instruments 

(1952)  .  [Superseded  by  NCRP  Report  No.  57] 

11  Maximum  Permissible  Amounts  of  Radioisotopes  in  the 

Human  Body  and  Maximum  Permissible  Concentra- 
tions in  Air  and  Water  (1953).  [Superseded  by  NCRP 
Report  No.  22] 

12  Recommendations  for  the  Disposal  ofCarbon-14  Wastes 

(1953)  .  [Superseded  by  NCRP  Report  No.  81] 

13  Protection  Against  Radiations  from  Radium,  Cobalt-60 

and  Cesium-137  (1954).  [Superseded  by  NCRP  Report 
No.  24] 

14  Protection  Against  Betatron— Synchrotron  Radiations 

Up  to  100  Million  Electron  Volts  (1954).  [Superseded 
by  NCRP  Report  No.  51] 

15  Safe  Handling  of  Cadavers  Containing  Radioactive  Iso- 

topes (1953).  [Superseded  by  NCRP  Report  No.  21] 

16  Radioactive  Waste  Disposal  in  the  Ocean  (1954).  [Out  of 

Print] 

17  Permissible  Dose  from  External  Sources  of  Ionizing 

Radiation  (1954)  including  Maximum  Permissible 
Exposure  to  Man,  Addendum  to  National  Bureau  of 
Standards  Handbook  59  (1958).  [Superseded  by  NCRP 
Report  No.  39] 

18  X-Ray  Protection  (1955).  [Superseded  by  NCRP  Report 

No.  26] 

19  Regulation  of  Radiation  Exposure  by  Legislative  Means 

(1955).  [Out  of  Print] 
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20  Protection  Against  Neutron  Radiation  Up  to  30  Million 

Electron  Volts  (1957).  [Superseded  by  NCRP  Report 
No.  38] 

2 1  Safe  Handling  of  Bodies  Containing  Radioactive  Isotopes 

(1958).  [Superseded  by  NCRP  Report  No.  37] 
24      Protection  Against  Radiations  from  Sealed  Gamma 
Sources  (1960).  [Superseded  by  NCRP  Report  Nos.  33, 
34,  and  40] 

26      Medical  X-Ray  Protection  Up  to  Three  Million  Volts  (1961). 

[Superseded  by  NCRP  Report  Nos.  33,  34,  35,  and  36] 

28  A  Manual  of  Radioactivity  Procedures  (1961).  [Super- 

seded by  NCRP  Report  No.  58] 

29  Exposure  to  Radiation  in  an  Emergency  (1962).  [Super- 

seded by  NCRP  Report  No.  42] 
3 1       Shielding  for  High  Energy  Electron  Accelerator  Installa  - 
Hons  (1964).  [Superseded  by  NCRP  Report  No.  51] 

33  Medical  X-Ray  and  Gamma-Ray  Protection  for  Energies 

up  to  10  MeV — Equipment  Design  and  Use  (1968). 
[Superseded  by  NCRP  Report  No.  102] 

34  Medical  X-Ray  and  Gamma-Ray  Protection  for  Energies 

Up  to  10  MeV— Structural  Shielding  Design  and  Eval- 
uation (1970).  [Superseded  by  NCRP  Report  No.  49] 

39  Basic  Radiation  Protection  Criteria  (1971).  [Superseded 
by  NCRP  Report  No.  91] 

43  Review  of  the  Current  State  of  Radiation  Protection  Phi- 
losophy (1975).  [Superseded  by  NCRP  Report  No.  91] 

45  Natural  Background  Radiation  in  the  United  States 
(1975).  [Superseded  by  NCRP  Report  No.  94] 

48  Radiation  Protection  for  Medical  and  Allied  Health  Per- 
sonnel [Superseded  by  NCRP  Report  No.  105] 

56  Radiation  Exposure  from  Consumer  Products  and  Miscel- 
laneous Sources  (1977).  [Superseded  by  NCRP  Report 
No.  95] 

58  A  Handbook  on  Radioactivity  Measurement  Procedures. 
[Superseded  by  NCRP  Report  No.  58,  2nd  ed.] 


Other  Documents 

The  following  documents  of  the  NCRP  were  published  outside  of 
the  NCRP  Reports  and  Commentaries  series: 

"Blood  Counts,  Statement  of  the  National  Committee  on  Radiation 
Protection,"  Radiology  63,  428  (1954) 
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"Statements  on  Maximum  Permissible  Dose  from  Television  Receiv- 
ers and  Maximum  Permissible  Dose  to  the  Skin  of  the  Whole 
Body,"  Am.  J.  Roentgenol.,  Radium  Ther.  and  Nucl.  Med.  84, 152 
(1960)  and  Radiology  75,  122  (1960) 

Dose  Effect  Modifying  Factors  In  Radiation  Protection,  Report  of 
Subcommittee  M-4  (Relative  Biological  Effectiveness)  of  the 
National  Council  on  Radiation  Protection  and  Measurements, 
Report  BNL  50073  (T-471)  (1967)  Brookhaven  National  Labora- 
tory (National  Technical  Information  Service,  Springfield,  Virginia). 

X-Ray  Protection  Standards  for  Home  Television  Receivers,  Interim 
Statement  of  the  National  Council  on  Radiation  Protection  and 
Measurements  (National  Council  on  Radiation  Protection  and 
Measurements,  Washington,  1968) 

Specification  of  Units  of  Natural  Uranium  and  Natural  Thorium 
(National  Council  on  Radiation  Protection  and  Measurements, 
Washington,  1973) 

NCRP  Statement  on  Dose  Limit  for  Neutrons  (National  Council  on 
Radiation  Protection  and  Measurements,  Washington,  1980) 

Control  of  Air  Emissions  of  Radionuclides  (National  Council  on  Radi- 
ation Protection  and  Measurements,  Bethesda,  Maryland,  1984) 

Copies  of  the  statements  published  in  journals  may  be  consulted 
in  libraries.  A  limited  number  of  copies  of  the  remaining  documents 
listed  above  are  available  for  distribution  by  NCRP  Publications. 
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